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ABSTRACT
QUANTITATIVE BIOMECHANICAL EVALUATION OF UPPER EXTREMITYSTRAIN BEHAVIOR OF THE HUMERUS DIAPHYSIS UNDER LOADING
Prateek Grover, MBBS, DNB (Orth.) Training, NIDRR fellow
Marquette University, 2012
While mechanical behavior of the adult human lower extremity long bones under loading
has been studied extensively, the same is not true for the adult human humerus.
Mechanical data reported for cadaveric humeri and anatomic humerus models are limited
to stiffness and rigidity. Strain characteristics of the humerus diaphysis as a function of
loading provide a valuable addition to the currently limited knowledge. The objective of
this dissertation was to accomplish this goal, using numerical/finite element (FE)
methods applied to a standard anatomic humerus model (Reference-Humerus) that was
developed from the NIH Visible Human Project for this purpose.
Four phases were defined, namely, (a) experimental strain (and stiffness and rigidity)
characterization of structural properties of an existing humerus model, HS4 (Model 3404,
Pacific Research Labs, USA), in four-point bending (under physiologic magnitude loads),
(b) anatomic characterization of the Reference-Humerus model, and (c) development and
experimental (four-point bending) validation of an FE model of the Reference-Humerus
(under physiologic magnitude loads), followed by (d) study of strain characteristics of the
humerus diaphysis under simplified physiologic loading, modeled using Deltoid and
Supraspinatus action during shoulder abduction.
(a) The HS4 demonstrated linear mechanical behavior under physiologic magnitude
loads. The bending stiffness, rigidity, and mean principal strain data pointed to a stiffer
medio-lateral plane compared with the antero-posterior plane for this specimen. (b) The
Reference-Humerus’s measured osteoanatomic characteristics lay near/within respective
ranges for cadaveric humeri, thus establishing anatomic validity. (c) Experimental
validation of the Reference-Humerus FE model that incorporated the cortex-simulation
material’s experimentally-derived elastic modulus range established its validity for
biomechanical applications. (d) Reference-Humerus FE modeling of simplified
physiologic loading demonstrated changes in maximum and minimum principal strain
magnitudes and distribution in the humerus diaphysis as a function of shoulder abduction,
external load, and Supraspinatus weakness.
This dissertation provides novel insight into strain behavior of the humerus under loading
as well as its surgical osteoanatomic characteristics. In addition, the anatomically
characterized Reference-Humerus developed as part of this dissertation is a
biomechanical tool with future biomechanical and research applications such as humeral
fracture risk evaluation in musculoskeletal pathology, presurgical planning/surgical
simulation, and implant design.
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1.

INTRODUCTION
While mechanical behavior of the adult human lower extremity long bone

diaphysis under loading has been studied extensively using experimental methods
(Cristofolini et al., 1996; Gardner et al., 2010; Heiner et al., 2008; Heiner and Brown,
2001), the same is not true for the adult human upper extremity long bones, including the
humerus. Mechanical property data reported for the diaphysis of cadaveric humeri
(Fuchtmeier et al., 2007; Henley et al., 1991; Lin et al., 1998; Verbruggen et al., 2007;
Zimmerman et al., 1994) and anatomic humerus models (Dunlap et al., 2008) are limited
to stiffness and rigidity.
Strain characterization of the humerus diaphysis as a function of loading provides
a valuable addition to the currently limited knowledge of mechanical behavior of this
long bone. Simple (three-point and four-point) bending can be used to understand the
impact of physiologic magnitude loads acting on the humerus in case of direct impact
(trauma). However, physiologic loading experienced by the humerus due to activities of
daily living requires additional incorporation of muscle action. A simplified physiologic
loading case is that of shoulder abduction, with Deltoid as a prime abductor, and
Supraspinatus as a shoulder stabilizer. While strain data for the cadaveric human
humerus diaphysis have been reported for three-point bending only (Varghese et al.,
2011), there is a paucity of literature addressing diaphysial strain behavior for physiologic
magnitude loading (four-point bending) and simplified physiologic loading (shoulder
abduction).
Strain characterization of the humerus can be performed using numerical / finite
element (FE) modeling techniques. FE models of long bones noninvasively provide
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(magnitude and distribution) information on strain behavior (Anderson et al., 2007;
Cristofolini et al., 2010; Gardner et al., 2010). Among adult human long bones, while
finite element models of the femur (Completo et al., 2007; Papini et al., 2007; Polgar et
al, 2003) and tibia (Gray et al., 2007) are already well documented in literature, no FE
models of the adult human humerus diaphysis characterized for strain as a function of
loading have been published.
Anatomic models such as the third and fourth generation composite humeri
(Sawbones Worldwide, Pacific Research Labs, Washon, VA) present a good alternative
to cadaveric bones for numerically studying mechanical behavior, since they demonstrate
low inter-specimen variability and do not have stringent use and preservation
requirements (Dunlap et al., 2008). Manufactured with human cortical and cancellous
bone-simulation materials, the fourth generation model represents an improvement in
material properties, including fracture toughness, fatigue life, strength, modulus and
thermal stability (Sawbones website). Limited mechanical data, namely, flexural rigidity
in AP and ML bending (Dunlap et al., 2008) have been reported using these models.
Hence, there is merit in experimentally investigating mid-diaphysial strain properties as
well as physiologic bending stiffness of the fourth-generation humerus model (Sawbones
Worldwide, Pacific Research Labs, WA, USA), so as to experimentally characterize the
mechanical behavior of the adult human humerus.
Of note is the fact that while these anatomic humerus models are geometrically
accurate, the geometry lacks same-source soft tissue image data, incorporating one
specific large cadaver’s humerus osteoanatomy only. Hence, there is merit in developing
a “Reference-Humerus” model, comprised of an anatomic physical humerus model and
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its 3D-Computational geometry that has potential for supplementation by same-source
soft tissue (muscle and ligament attachment) and joint definition image data.
High resolution complete musculoskeletal image data for deriving the geometry is
currently available in the form of image datasets such as the National library of
Medicine’s NIH Visible Human Project (NIH VHP). The initial aim of this project was
the acquisition of high resolution image data subsets (transverse CT, MRI, and
cryosection images) of a representative male and female cadaver. The male subset was
accordingly developed from a middle-aged cadaver (38 years) of near-average height (1.8
m) and weight (90.3 kg). The long-term goal was “to produce a single, unified multimedial resource for health information” that would “transparently link the print library of
functional-physiological knowledge with the image library of structural-anatomical
knowledge into one unified resource of health information (NIH Visible Human Project
website; Ackerman et al., 2001). Other similar initiatives include the Living Human
Library (Living Human website), the Chinese Visible Human (Zhang et al., 2006), and
the Korean Human (Park et al., 2006).
Anatomic characterization of the Reference-Humerus, as well as experimental
validation of the Reference-Humerus based diaphysial FE model would be essential to
provide confidence in this long bone model’s anatomic applicability and validity,
respectively, for studying strain behavior of the humerus under loading. Since the
Reference-Humerus model would be comprised of both the anatomic physical model and
corresponding 3D-Computational geometry, both experimental and FE data could be
obtained for the purpose of experimental validation. In addition, analogous to the
“Standardized 3D-Computational geometry” of the composite femur (Viceconti et al.,
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2005), the Reference-Humerus 3D-Computational geometry would have benchmark
value as reference geometry for the humerus.
To summarize, there is merit in studying humeral diaphysial strain behavior as a
function of physiologic magnitude loading (four-point bending) and simplified
physiologic loading (shoulder abduction) using experimental and numerical methods. A
Reference-Humerus model, that would be developed based upon the NIH VHP humeral
geometry, manufactured (physical model, H-VHP) using composite-bone materials,
anatomically characterized (3D-Computational geometry) using surgical osteoanatomic
parameters, and experimentally validated (FE model) using physical model (H-VHP)
data, would be useful for this purpose.
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2.

PRESENT STATUS OF PROBLEM, OBJECTIVE AND SPECIFIC AIMS
The focus this dissertation is the study of strain behavior of the adult human

humerus diaphysis as a function of loading using experimental and numerical / FE
methods. Experimental strain characterization was performed initially using an existing
model, the Sawbones 4th generation composite humerus, HS4 (Sawbones Worldwide,
Pacific Research Labs, WA, USA). Further experimental and numerical characterization
was accomplished using a Reference-Humerus model developed specifically for this
study.
The present status of problem is described in this chapter (sections 2.1-2.7). The
clinical significance of studying humeral diaphysial strain characteristics is described first
(section 2.1). The advantages of anatomic long bone models over cadaveric bones, which
were instrumental in the decision to use anatomic humerus models for this study, are
examined next (section 2.2). This is followed by a description of the presently
documented structural properties of human cadaveric humeri and anatomic humerus
models (section 2.3), as well as of the surgical anatomy of the adult human humerus
(section 2.4), which are important for understanding humeral mechanical behavior with
reference to its osteoanatomy. An understanding of long bone FE model development and
validation criteria (section 2.5) is required to ensure the compliance of the humeral FE
model validation process with current standards, which is then useful for studying
humeral diaphysial strain behavior under physiologic loading (section 2.6). Finally, the
sequential phases of the project that were defined based upon the specific aims and
underlying hypotheses are described (section 2.7).
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2.1

Humerus loading and humeral diaphysial strain characterization
Supra-physiologic magnitude loads create bending moments within bone that are

sufficient to cause traumatic fracture (Hughes and An, 1996). Humeral bending moments
to failure average approximately 155 and 84 Nm for males and females, respectively
(Kirkish et al., 1996). On the other hand, even physiologic magnitude loads imposed on
the humerus can cause long bones to fracture (pathologic fracture) in musculoskeletal
conditions such as osteoporosis and metastasis (Keyak et al., 2000). Such physiologic
magnitude loads can be imposed by activities of daily living (physiologic loading), in the
form of shoulder and elbow joint moments and forces (Dalton et al., 1993).
Physiologic magnitude loads acting on the upper extremity have been reported in
literature for various activities. Shoulder moments reported include 16 Nm for the sit-tostand maneuver, 12 Nm for stand-to-sit, and a range of 22-28 Nm for lifting objects
(Anglin et al., 2000). Mobility aid assisted moments include a 24 Nm shoulder moment
for cane assisted walking (Anglin et al., 2000), as well as a moment range of 4.1-11.3 Nm
at the shoulder joint and 0.5-7.9 Nm at the elbow for low intensity wheelchair propulsion
(Van Drongelen et al., 2005).
Various mechanisms of traumatic and pathologic fractures in human bone have
been proposed, with recent work supporting strain-controlled fracture initiation (Nalla et
al., 2003). Strain has also been used as an evaluation metric for studying the mechanical
behavior of lower extremity long bones, but not the humerus, in case of simplified
physiologic loading (Polgar et al.,2003). Hence, strain is a pertinent metric for
understanding the mechanical behavior of the humerus diaphysis as a function of (a)
physiologic magnitude and (a) simplified physiologic loading.
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2.2

Anatomic long bone models – Composite Humeri
Anatomic long bone models manufactured with standardized bone-simulation

materials include the Composite long bones (Sawbones website). Common applications
of these models include evaluation of orthopaedic implants (Gardner et al., 2006; Theilen
et al., 2009; Completo et al., 2007) and practice of surgical techniques. These anatomic
models have also been used to derive the geometry for FE models of long bones such as
the femur (Viceconti et al., 1996) and the tibia (Gray et al., 2007).
While these models cannot incorporate the microstructure of cadaveric bone, they
offer many advantages over the latter for specific biomechanical applications. Consistent
geometry and material properties result in low inter-specimen variability in results, and
hence fewer specimens can be used for biomechanical testing. No precautions need to be
observed while using these models, in contrast to cadaveric bones, which also have
extensive preservation related requirements (Cristofolini et al., 2000).
The composite humerus model (Sawbones Worldwide, Pacific Research Labs,
WA, USA) has been derived based upon the osteoanatomic data of one large Caucasian
male cadaveric humerus. The fourth generation humerus model (HS4) demonstrates
superior bone-simulation properties compared with the previous generations of models
(Sawbones website). Structural properties documented for this model are limited to
torsional stiffness, flexural rigidity and strength (Dunlap et al., 2008). Strain
characterization for this composite bone has not been reported. Detailed mechanical
characterization, especially in terms of strain behavior, will add to the utility of this
important biomechanical tool.
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2.3

Structural properties of human cadaveric and composite humeri (Table 2-1)
Stiffness and rigidity are the two main structural properties reported for both

cadaveric and composite humeri. For cadaveric humeri, a lack of consensus exists as to
the stiffer anatomic plane (Lin et al., 1998; Henley et al., 1991). Rigidity and stiffness
compared between left and right paired humeri have demonstrated both similar as well as
(Fuchtmeier et al., 2007; Zimmerman et al., 1994) dissimilar (Henley et al., 1991) values.
Also, large standard deviations have been reported in both stiffness and rigidity values
(Lin et al., 1998; Henley et al., 1991). On the other hand, composite bone studies (Dunlap
et al., 2008) have demonstrated smaller standard deviations in rigidity, with values lying
within the ranges from cadaveric studies. Displacement (under cantilever bending) has
been reported for cadaveric humeri only (Fuchtmeier et al., 2007).

Table 2-1 Structural properties of human cadaveric and composite humerus models
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2.4

Surgical osteoanatomy of the adult human humerus
Surgical osteoanatomy parameters of the humerus can be considered in three main

categories: distal humerus, proximal humerus and whole bone. Distal humeral parameters
include the Trochlear and Capitellum radii of curvature and distal flexion-extension axis
anterior and lateral offsets (Table 2-2). Proximal humerus parameters (Table 2-3) can be
grouped into two subcategories - articular and non-articular. Articular proximal humerus
parameters include articular surface radius, head height, and medial, posterior and total
offsets. Non-articular parameters include inclination, head to GT height, GT lateral
offset, and LT anterior offset. Common whole bone parameters include length and
retroversion (Table 2-4).

Table 2-2 Humerus osteoanatomy – Distal humerus parameters
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Table 2-3 Humerus osteoanatomy – Proximal humerus parameters
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Table 2-4 Humerus osteoanatomy – Study design and whole bone parameters
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2.5

Long bone FE models development and validation criteria
Validation levels have been defined for an FE model to be considered acceptable

for clinical applications (Viceconti et al., 2005). The first level includes model selection
and verification. Model selection requires sufficiently accurate replication of the system
to be studied. This can be ensured by inclusion of representative input parameter
(geometry, material properties) measures, as well as selection of appropriate output
evaluation parameters (principal strain, Von Mises stress).
Sources of long bone geometry include cadaveric bones (Gray et al., 2008;
Lengsfield et al., 1998; Taddei et al., 2006), composite bones (Sawbones website), and
more recently, image datasets, such as the NIH VHP (NIH Visible Human Project
website). Long geometry includes both cortical and cancellous volumetric layers.
Material properties commonly assigned to each geometric layer include the elastic
modulus and the Poisson’s ratio (Gray et al., 2008; Gray et al., 2007). Both the cancellous
and cortical layers are commonly modeled with isotropic material properties. While the
cortical layer has been modeled as orthotropic as well, only a small difference in results
has been documented between the two cortex-material property modeling assumptions
(Peng et al., 2006).
Numerical verification implies that the numerical method must approximate the
mathematical model basis. This is ensured by convergence, most commonly with regard
to mesh size and element type (Henninger et al., 2009; Anderson et al., 2007). With
regard to the element type, tetrahedral elements, possessing a constant strain mode, allow
for automated meshing of the complex anatomy of long bones (Schonning et al., 2009).
On the other hand, hexahedral elements, with a linear strain variation mode, demonstrate
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better convergence, higher sensitivity to mesh orientation, and superior results for
structural applications (ABAQUS/CAE user’s manual).
Hexahedral-element mesh generation techniques for long bone FE models include
voxel-meshing (Keyak et al., 1990) and mapped-meshing (Couteau et al., 2000). The
voxel-meshing method uses CT dataset voxel geometric and material information, while
the mapped-meshing method uses a decomposition-direct mapping approach, for the
generation of a mesh. While the former approach is more automated and hence easier to
use, the latter approach is better suited for the more complex geometry of long bones
(Couteau et al., 2000). Currently available hexahedral-element mesh generators include
commercially available preprocessing package such as TrueGrid (XYZ scientific,
Livemore,CA) (Truegrid website) as well as open-source packages such as the
IowaFEMesh (IowaFEMesh website). The latter uses a multi-block technique, in which
good quality building sub-blocks are deformably registered to their respective geometric
surfaces to generate a good quality mesh. (Grosland et al., 2009)
The second level of validation includes FE model validation against in vitro
experiments (Viceconti et al., 2005). For long bone FE model validation, two-plane fourpoint bending of the diaphysis is a commonly used evaluation experiment, and principal
strains are a commonly used evaluation metric (Gray et al., 2008; Gray et al., 2007).
Maximum and minimum principal strains obtained experimentally from strain-gage
rosettes instrumented onto the physical test specimen are evaluated with the
corresponding FE simulation data for “goodness-of-fit” (Cristofolini et al., 2010).
Regression slope and R2 values have been reported in literature as a “goodness-of-fit”
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measure in long bone validation studies for both cadaveric long bones (Gray et al., 2008)
and anatomic long bone models (Gray et al., 2007).
Validated FE models have not been reported for the humerus. A humeral
diaphysial FE model developed based upon an anatomic humerus model that has been
validated using first and second level FE model validation guidelines will be useful to
noninvasively study humeral diaphysial strain characteristics as a function of loading.

2.6

FE study of humerus diaphysial strain behavior under physiologic loading
The FE method has been used to study joint kinematics of the elbow (Quenneville

et al., 2008) and shoulder joints, using non-anatomic (Van der Helm, 1994; Van Rooji et
al., 2005), and anatomic models. Change in joint kinematics has been evaluated at the
shoulder as a function of arthroplasty (Buchler et al., 2004; Hopkins et al., 2007) and
Osteoarthritis (Buchler et al., 2002). In contrast to this numerical / FE method derived
information on the kinematic behavior of the humeral joints, there is limited information
on the strain behavior of the humerus diaphysis.
In animals, strain behavior of the humerus diaphysis has been reported as a
function of simplified physiologic loading (Pollock et al., 2008; Pollock et al., 2008).
However, in humans, strain behavior of the humerus diaphysis has been reported for
three-point bending only (Varghese et al., 2011). Studying humeral diaphysial principal
strain characteristics as a function of physiologic-magnitude loading (four-point bending)
and simplified physiologic loading (shoulder abduction, with Deltoid and Supraspinatus
action), using an anatomic FE model of the humerus diaphysis, will add to the currently
limited knowledge in this field.
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2.7

Objective and specific aims
The objective of the present study was to gain an understanding of the strain

behavior of the adult human humerus diaphysis as a function of physiologic magnitude
loading and simplified physiologic loading using experimental and numerical / FE
methods. In accordance with the objective of the study, four phases were defined. The
first and second phases focused on experimental and anatomic characterization, and
complied with aims (and hypotheses) 1 and 2, respectively. The third and fourth phases
were defined to meet aims (and hypotheses) 3 and 4 requirements, respectively, and
included diaphysial FE model validation using physiologic magnitude loads, followed by
numerical modeling of simplified physiologic loading to study humeral diaphysial strain
characteristics as a function of simplified physiologic loading.

2.7.1

Mechanical Characterization – Sawbones fourth generation composite
humerus, HS4
The first phase comprised evaluation of the diaphysial strain characteristics of the

only other present humerus model, HS4, under bending, so as to develop a protocol for
the Reference-Humerus FE model evaluation experiment and to obtain reference data for
comparison with the Reference-Humerus under physiologic magnitude loading.
The first specific aim was the mechanical characterization of the mid diaphysis of
the fourth generation composite humerus, HS4 (Sawbones Worldwide, Pacific Research
Labs, Vashon, WA, USA), in terms of construct stiffness and rigidity, and mid-diaphysial
strains, in four-point bending.
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The underlying hypothesis was that mid-diaphysial bending strains and construct
stiffness of the fourth generation composite humerus, HS4, would be comparable with
published cadaver data (Table 2-1).

2.7.2

Anatomic Characterization –Reference-Humerus and HS4
The second phase comprised development and anatomic characterization of the

Reference-Humerus, so as to gain confidence in the anatomic aptness of this model for
studying human humeral mechanical behavior under loading. Anatomic characterization
of this model also helps to address the lack of, and promote a move towards establishing
consensus definitions of surgically relevant humerus osteoanatomic parameters and
guidelines for performing these measurements. Limited anatomic characterization of the
fourth generation composite humerus, HS4 was performed for comparison.
The second specific aim was to perform a detailed anatomic characterization of
the Reference-Humerus model and limited anatomic characterization of the HS4.
The underlying hypothesis was that anatomic parameters of the ReferenceHumerus would lie within published range for the adult human cadaveric humeri (Tables
2-2, 2-3, 2-4).

2.7.3

Diaphysial FE model validation (Physiologic magnitude loading) –
Reference-Humerus
The third phase comprised development and experimental validation of the

Reference-Humerus FE model, using physiologic load magnitudes for the evaluation
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(four-point bending) experiment. This phase was performed to ensure the validity of the
model for studying humeral diaphysial strain characteristics as a function of loading.
The third specific aim was to experimentally validate the FE model of the
Reference-Humerus diaphysis.
The underlying hypothesis was that the predicted diaphysial strains would agree
with the experimental strains for the same test setup.

2.7.4

Humerus diaphysial strain characterization under simplified physiologic
loading- Reference-Humerus
The fourth phase comprised the study of strain characteristics of the humerus

diaphysis under simplified physiologic loading, modeled using the Middle Deltoid as the
prime abductor and Supraspinatus as the glenohumeral stabilizer during shoulder
abduction (30-120°).
The fourth specific aim was to study humeral diaphysial strain characteristics as a
function of simplified physiologic loading, using an FE model of the Reference-Humerus
diaphysis.
The underlying hypothesis was that humeral diaphysis strain magnitude and
distribution varied with change in physiologic loading conditions.
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3.

MECHANICAL CHARACTERIZATION – SAWBONES FOURTH
GENERATION COMPOSITE HUMERUS, HS4

3.1

INTRODUCTION
Composite (polymer and glass fiber) long bones, with standardized geometric and

material properties, are frequently used as biomechanical tools to evaluate trauma
fixation (Gardner et al., 2006), endoprosthesis (Theilen et al., 2009), arthroplasty
(Completo et al., 2007; Completo et al., 2007), and other orthopaedic procedures.
Composites have also been used to obtain standard, accessible and testable geometry for
the development of finite element (FE) models of the femur (Papini et al., 2007) and tibia
(Completo et al., 2007). Detailed mechanical characterization of composite bones in
terms of stiffness, flexural rigidity and strain distribution can add to the utility of these
important biomechanical tools. Experimentally derived structural data also provide a
resource to help in validation of corresponding FE models developed from these bones
(Anderson et al., 2007; Cristofolini et al., 2010; Henninger et al., 2010; Viceconti et al.,
2005). The third and fourth generation composite humeri (Sawbones Worldwide, Pacific
Research Labs, WA, USA) have been structurally characterized in one previous study,
where flexural rigidity in AP and ML bending of the intact specimen was reported
(Dunlap et al., 2008). The goal of the current work is to add new information and detail
on strain characterization of the fourth generation composite humerus under simulated
physiological bending, while building upon previously published structural data.
The specific geometry of the composite humerus (Sawbones Worldwide, Pacific
Research Labs, WA, USA) has been derived from CT scans of a Caucasian male cadaver.
Material properties of the outer composite short fiber reinforced epoxy cortex, and inner
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polyurethane foam cancellous layer have been modified over the past two decades to
more closely approximate human bone mechanical properties. The most recent
modifications are represented by the fourth generation models. Advantages of composite
models include consistent geometry and material properties with very low interspecimen
variability. Hence, fewer specimens can be used, with greater confidence in the
repeatability of results. The more stringent usage and preservation requirements
associated with cadaveric bone testing are also avoided (Cristofolini et al., 2000).
Previous studies of composite long bones include second (Cristofolini et al., 2000;
Cristofolini et al., 1996; Gray et al., 2007), third (Completo et al., 2007; Completo et al.,
2007; Heiner and Brown, 2001; Papini et al., 2007;), and fourth (Gardner et al., 2010;
Heiner, 2008) generation femur and tibia, which have been tested in bending, torsion and
axial compression. Structural parameters obtained from tests of the tibia and femur
models include stiffness (Cristofolini et al., 2000; Cristofolini et al., 1996; Heiner, 2008;
Heiner and Brown, 2001; Papini et al., 2007), rigidity (Heiner, 2008; Heiner and Brown,
2001; Papini et al., 2007), and strain behavior (Completo et al., 2007; Cristofolini et al.,
1996; Gray et al., 2007; Heiner, 2008; Heiner and Brown, 2001; Papini et al., 2007). To
date, the fourth generation composite humerus has been tested in bending and torsion for
torsional stiffness, flexural rigidity and strength (Dunlap et al., 2008). Strain
characterization for this composite bone has not been reported.
The humerus experiences bending loads and moments at the shoulder and elbow
during activities of daily living (Dalton et al., 1993). Shoulder moments reported for
physiologic activities include 16 Nm for the sit-to-stand maneuver, 12 Nm for stand-tosit, and a range of 22-28 Nm for lifting objects (Anglin et al., 2000). Mobility aid assisted
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moments have also been reported, including a 24 Nm shoulder moment for cane assisted
walking (Anglin et al., 2000), and moment range 4.1-11.3 Nm at the shoulder and 0.5-7.9
Nm at the elbow for low intensity wheelchair propulsion (Van Drongelen et al., 2005).
Higher intensity wheelchair tasks can impose greater moments, with a range of 24-70 Nm
(shoulder) and 8-51 Nm (elbow) for weight relief lift in a wheelchair; and 36-97 Nm
(shoulder) and 32-75 Nm (elbow) for negotiating a curb in a wheelchair (Van Drongelen
et al., 2005). Humeral bending moments to failure average approximately 155 and 84 Nm
for males and females, respectively (Kirkish et al., 1996).
The objective of this study was to characterize the structural behavior of the
fourth generation composite humerus, in terms of construct stiffness and rigidity, and
mid-diaphysial surface strains at the anterior, posterior, medial and lateral surfaces under
simulated physiologic bending.

3.2

METHODS
Fourth-generation composite humeri (HS4, Model 3404, Sawbones Worldwide,

Pacific Research Labs Inc., VA, USA) were tested in a four-point bending configuration.
Stiffness data were collected using three HS4, while detailed mid-diaphysial surface
strain data were collected from a single strain-gaged specimen.

3.2.1

Biomechanical Evaluation
Anatomic planes were identified for the composite humerus (Figure 3-1). The

mid-diaphysial transverse (T) plane was defined as perpendicular to the humeral shaft
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axis. The anteroposterior (AP) and mediolateral (ML) planes were defined orthogonal to
the T plane. The ML plane passed through the medial surface and sharp lateral border,
aligned with the transepicondylar axis (DeLude et al., 2007). The AP plane passed
through the posterior surface and mid-humeral anterior border. Four stacked rectangular
rosettes (C2A-06-062WW-350, Vishay Micro-Measurements, NC, USA) were lined up
in the T plane, 190 mm from the proximal end of the specimen. The anterior (A) and
posterior (P) gages were located in the AP plane, and medial (M) and lateral (L) gages in
the ML plane, on corresponding aspects of the mid-diaphysis. The central strain gage (II)
in all four rosettes was aligned with the shaft of the humerus. The gages were then
bonded to the specimen with cyanoacrylate, M-bond 200 (Vishay Micro-Measurements,
NC, USA).
A local coordinate system was also defined for the strain-gage rosette, so as to
describe the orientation of each gage within the rosette. The y-axis lay along the gage II,
and x-axis was perpendicular to this y-axis. Gages I and III were oriented at 45°
counterclockwise and clockwise, respectively, to gage II. Hence, gages I, II, and III of
each rosette were oriented at 45°, 90°, and 135° to the x-axis of the strain-gage rosette
local coordinate system.
A four-point load configuration was chosen to ensure pure bending, zero shear,
and a constant moment throughout the mid diaphysis between the inner supports. The
bending tests were performed with a servo hydraulic material testing system (MTS 809,
Eden Prairie, MN), with integrated load cell and linear variable displacement transducer.
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Note: Location of the strain-gage rosettes in the mid-diaphysial transverse (T) plane
is illustrated on the specimen (magnified circle) and on the cross-section (square)
Figure 3-1 Four- point bending test configuration of strain-gage rosette
instrumented fourth generation sawbones humerus (HS4)
The test setup was comprised of two cylindrical superior load rollers spaced 56
mm apart and two cylindrical inferior support rollers spaced 184 mm apart (Le). The
support roller was 64 mm from the loading roller on each side (C). The distance between
the outer and inner rollers (C) was chosen based upon the most stable configuration of the
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humerus during testing. It was also selected to be closest to one third of Le, for
consistency with other reported work (Cristofolini et al., 2000; Cristofolini et al., 1996;
Gardner et al., 2010; Gray et al., 2007; Heiner, 2008; Heiner and Brown, 2001). A stable
configuration implied that the humerus did not rotate visibly, while being tested in fourpoint bending without any additional constraints.
Three specimens, one of which was instrumented with strain gages, were
subjected to three cycles of loading and unloading in the AP and ML planes at a
frequency of 0.2 Hz, which was equivalent to a loading rate of approximately 0.18
mm/sec. The first two cycles were meant to precondition the specimens. Loaddisplacement data were collected at a sampling rate of 200 Hz. The tests were performed
without additional constraints, up to a maximum compression of 500 N (equivalent
moment 16 Nm). Following gage calibration, strain data were collected from the
instrumented specimen for 3 trials each of AP and ML four-point bending to a maximum
load of 400 N (moment 12.8 Nm). For both stiffness and strain data collection, the
anterior and medial surfaces were under tension during AP and ML bending,
respectively.

3.2.2

Data Analysis
Stiffness (S) in the AP and ML planes was calculated as the slope of the force-

deflection loading curve of the third cycle. Flexural rigidity (EI), a measure of extrinsic
stiffness, was approximated by the fundamental beam equation (3.1) that relates
specimen rigidity to specimen stiffness and test configuration specific measures, namely,
the distance between two support rollers (Le) and between the outer and inner rollers (C).
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EI= S [C2 (3Le-4C)] / 12

(3.1)

The flexural rigidity equation for the present study (3.2) was derived from
equation (3.1), by using specimen stiffness (S) and test configuration specific parameters
(Le = 184.0 mm, C = 64.0 mm), illustrated in Figure 3-1.
EI = (4.625/12) SC3

(3.2)

This equation is similar to that used by other researchers (Dunlap et al., 2008;
Gardner et al., 2010). Dunlap et al., 2008 reported rigidity (EI), but not stiffness (S), by
using a similar equation, specific to their test setup parameters. Using their (Dunlap et al.,
2008) equation, authors of the present study back-calculated stiffness (S) from the
rigidity data reported in the Dunlap et al., 2008 study.
Strains from the three gages of each stacked rectangular rosette (I, II, and III)
were converted into principal strains (1 and 2), using orientation data of the three strain
gages within each rosette, and standard strain transformation formulae for plane stress
(Boresi and Schmidt, 2003), equations (3.3) and (3.4):
1 = 0.5 (I +  III) + 0.5 [(I – 2 II + III) 2 + (III –I) 2] 0.5

(3.3)

2 = 0.5 (I + III) - 0.5 [(I – 2 II + III) 2 + (III –I) 2] 0.5

(3.4)

where 1 and 2 are maximum principal (maximum tensile) and minimum principal
(maximum compressive) strains, and I,  II and  III are strains collected from the three
gages of the strain-gage rosette.
Principal strains were evaluated over the test load range. Multiple samples were
collected at specific load levels ranging from 100 N to 400 N for 3 trials, in order to
assess inter-trial strain variability. A linear regression was performed to describe the
relationship between strain and applied loads.
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3.3

RESULTS

3.3.1

Stiffness and Flexural Rigidity
The three specimens showed similar load-displacement behavior in the test range.

Little hysteresis was observed, and the two preconditioning cycles were adequate to
achieve a consistent load-deformation plot. Interspecimen variability in stiffness was
small, with standard deviations (SD) of 1.9% for AP and 2.0% for ML bending. A linear
trend in displacements versus force was observed, with R2 values greater than 0.999. At a
common displacement of 0.5 mm, the mean forces were 416.5 N and 459.0 N for AP and
ML four-point bending, respectively. The average stiffness was 832.9 (SD 16) N/mm in
the AP plane and 917.6 (SD 18) N/mm in the ML plane. Mean rigidity in the AP and ML
planes was 84.1 (SD 1.5) Nm2 and 92.7 (SD 1.8) Nm2, respectively. The specimens were
an average of 10.1 % stiffer in the ML plane than the AP plane. A representative loaddisplacement plot from one specimen is illustrated in Figure 3-2.

Figure 3-2 Representative load-displacement plot of a 4th Generation sawbones
humerus in AP and ML four-point bending
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3.3.2

Principal Strains
Collected strain data were greater in magnitude at the central strain gage (II),

compared with the other two gages of the rosette (I, III). The II strains were greater than
95% of the calculated maximum tensile and compressive strains. The maximum principal
strain occurred at the tensile surface, at the A strain-gage rosette for AP bending and M
strain-gage rosette for ML bending. Minimum principal strain was seen at the
compressive surfaces, at the P strain-gage rosette for AP bending and L strain-gage
rosette for ML bending. An excellent linear fit between strain and applied load was noted
at the gages in the plane of loading (A and P strain-gage rosettes for AP bending, and M
and L strain-gage rosettes for ML bending), with R2 values exceeding 0.99.

Figure 3-3 Maximum (1) and minimum(2) principal strain (load range 0-400 N)
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The relationship between maximum (compressive and tensile) strains and applied
load was described as a slope (Figure 3-3). In the AP four-point bending tests, the slopes
were 5.43 /N at the A strain-gage rosette and 5.41 /N at the P strain-gage rosette.
The ML four-point bending test slopes were 5.10 /N at the M strain-gage rosette and
4.50 /N at the L strain-gage rosette, respectively. Inter-trial strain variability at four
load levels was evaluated. The mean coefficient of variance (CoV) for all gages was
0.041 (SD 0.036). The smallest mean CoV for all gages was seen at 100 N (Mean 0.036;
SD 0.011), followed by 300 N (Mean 0.04; SD 0.03). The mean CoV was largest at 200
and 400 N (Mean 0.043; SD 0.05). Average CoV was greater in the ML plane (Mean
0.057; SD 0.043) compared with AP plane (Mean 0.024; SD 0.013).
In order to evaluate the consistency of our protocol, a second strain gageinstrumented specimen was tested. The posterior (P) and lateral (L) strain-to-load slopes
were similar (<5%), whereas the anterior (A) and medial (M) were less similar (< 15%).
These differences are consistent with manufacturing specifications as well as variability
inherent in the mechanical testing process. According to the manufacturer, the cortical
modulus and strength may vary ± 10%, while the geometry may vary ± 0.1% (Personal
communication, Amy Johnson, M.S., Biomechanical Engineer, Pacific Research Labs,
Vashon, WA, USA).

3.4

DISCUSSION
The fourth generation composite humerus demonstrates linear behavior in AP and

ML four-point bending for both displacement and maximum compressive and tensile
strains (versus force). Slopes of maximum strains per unit force at the A (tensile) and P
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(compressive) strain-gage rosettes differ by less than 0.5%; the M strain-gage rosette
(tensile) value is greater than the L (compressive) by approximately 10%. It can be
inferred that the neutral bending axis coincided with a point approximately midway
between the A and P strain-gage rosette in AP four-point bending. In ML four-point
bending, the bending axis was located closer to the M strain-gage rosette. The model was
10% stiffer in the ML plane compared with the AP plane. Correspondingly, maximum
tensile and compressive strains (per unit force) in ML four-point bending were 6% and
17% lower than in AP four-point bending (Figure 3-3). The slightly greater ML diameter
(Figure 3-1), leading to a greater moment of inertia about the neutral (bending) axis was
consistent with the lower ML bending strains.
Greater ML rigidity than AP rigidity has been reported for the fourth generation
humerus (Dunlap et al., 2008). While AP rigidity in the current study agreed closely
(within 2%) with published results, ML rigidity was approximately 18% lower (Table 31). In the current work, the specimens were constrained in the loading plane only. This
less constrained configuration was chosen to better approximate humeral load conditions
during assistive device-aided upper extremity motion as demonstrated in previous studies
(Konop et al., 2009; Slavens et al., 2009; Strifling et al., 2009). Although the out-of-plane
rotation was not constrained, no rotation was visually observed. In contrast, the other
study’s test configuration did not allow specimen rotation and translation.
Test specific stiffness was calculated from rigidity reported by Dunlap et al.,
2008, using their rigidity equation. It is emphasized that stiffness is a function of the test
configuration, in addition to specimen properties such as geometry and material
properties. Configuration parameters influencing stiffness include the distance between
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inner and outer rollers, C and constraints to motion. While a higher stiffness was obtained
for the present study, and could be explained by the factors mentioned above, a direct
comparison in stiffness values between the two studies is not possible.

Table 3-1 Comparison of composite humerus material properties with literature

Results from the current study are also contrasted with literature on human
cadaveric humeral mechanical properties (Table 3-1). Only one study reported
displacements (Fuchtmeier et al., 2007), in the range 1.2-1.5 mm, under a 7.5 Nm
cantilever bending moment. For the current study, at an equivalent bending moment of
7.5 Nm, displacement was 0.28 mm in the AP plane and 0.25 mm in the ML plane.
However, these results from the two studies are not directly comparable, since
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displacement is test setup dependent, and the two studies have very different loading
configurations. Mean stiffness in four point bending, averaged in four planes, has been
reported as approximately 1050 N/mm (Verbruggen et al., 2007). A lack of consensus
exists as to the stiffer anatomic plane for cadaveric humeri, with literature reporting
comparatively greater stiffness in the AP (Lin et al., 1998) as well as ML planes (Henley
et al., 1991). The rigidity results ranged from 90.9 (Henley et al., 1991) - 130.6 Nm (Lin
et al., 1998) in the AP plane and 118.4 (Lin et al., 1998) - 138.5 Nm (Henley et al., 1991)
in the ML plane. Composite bone studies (Dunlap et al., 2008), including the present
study, reported rigidity that lay within those ranges from cadaveric studies. A comparison
of rigidity between paired right and left humeri showed no significant difference
(Fuchtmeier et al., 2007; Zimmerman et al., 1994). However, greater mean stiffness for
the left humeri has also been reported (Henley et al., 1991). Cadaveric studies
demonstrated 36% (ML bending) – 50% (AP bending) SD in rigidity (Henley et al.,
1991; Lin et al., 1998), compared to a maximum 2% (current study) -10% (Dunlap et al.,
2008) for composite humeral studies.
The mean ML/AP rigidity ratio for the humerus varied between previously
published studies. ML/AP rigidity values of 0.7 (Lin et al., 1998) and 1.5 (Henley et al.,
1991) have been observed for cadaveric humeri, while values of 1.6 (Dunlap et al., 2008)
and 1.3 (Dunlap et al., 2008) were observed for third and fourth generation composite
humeri, respectively. The ML/AP rigidity ratio for the current study was 1.1, which was
similar to the results of the other fourth generation composite humerus (Dunlap et al.,
2008), and within the range reported for the cadaveric humeri (Henley et al., 1991; Lin et
al., 1998). These differences in ML/AP ratios could be attributed in part to dissimilar
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cross-sectional geometry and material properties. Additional contributory factors consist
of anatomic segment of the bone tested, loading constraints, and test configurations,
including four-point bending for composite bones (Dunlap et al., 2008), and three-point
bending (Henley et al., 1991) and cantilever testing (Fuchtmeier et al., 2007; Lin et al.,
1998) for cadaveric bone. Nonetheless, the composite bone data lie well within range for
cadaveric studies.
Among the major composite long bones (Sawbones Worldwide, Pacific Research
Labs, VA, USA), femurs are most rigid, followed by tibia, and then the humerus. While
the third and fourth generation femurs are more rigid in their AP plane, the third and
fourth tibias are more rigid in their ML plane. Rigidity in AP plane for the fourth
generation femur and tibia is approximately 2.5 and 2.0 times that of the HS4 humerus,
respectively. In the ML plane, the rigidity of these femur and tibia is approximately 3.0
and 1.5 times that of the HS4 (Heiner et al., 2008). As weight bearing bones, the femur
and tibia have a greater cross-sectional area and probably greater cortical thickness,
compared with the humerus. Greater fourth generation material moduli make the fourth
generation bones stiffer than their corresponding third generation counterparts. Mean
bending stiffness values reported for the second and third generation femur and tibia
(Cristofolini et al., 2000; Cristofolini et al., 1996; Heiner and Brown, 2001) are also
much lower than those for the HS4.
The material structure of the HS4 is comprised of an outer cortical layer made of
short fiber-reinforced epoxy and an inner cancellous layer made of rigid polyurethane
foam. Whereas the exact material composition is proprietary, the material properties have
been documented by the manufacturer (Sawbones website). The simulated cortical bone
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has a tensile modulus and strength of 16.0 GPa and 106 MPa, respectively. The
respective compressive modulus and strength are 16.7 GPa and 157 MPa. The cancellous
layer has a density of 0.27 g/cc, and compressive modulus and strength of 155 MPa and 6
MPa, respectively. Because the cancellous layer is thin, located closer to the neutral
bending axis, and has much lower elastic modulus, the structural bending behavior in the
test region of the diaphysis is principally determined by the outer cortical layer.
Shortcomings from the current study are those of limited sample size (3
specimens: stiffness, rigidity; 2 specimens: principal strains), specificity of load
configuration and constraints tested, and limited region (mid-diaphysis) of strain
characterization.
The study provides mechanical characterization of the fourth generation
composite humerus, including principal strains and stiffness in bending, which have not
been published previously in literature. Mid-diaphysial surface principal strain and whole
bone stiffness data have been determined specific to anatomic planes of bending, under
physiologic loading. While our rigidity results are generally supported by current
literature and lie within the range of values reported, the literature values are wide
ranging. Our study result stiffness and rigidity values show minimal interspecimen
variability. Our rigidity results and ML/AP rigidity ratio also lie within ranges reported
for the cadaveric humeri, although they do not correspond to a median (central) published
value. On this basis, we believe that results from the current study support the use of the
composite fourth generation humerus for biomechanical testing. These findings can also
be useful for the development of humeral models employing finite element methods
(Papini et al., 2007; Gray et al., 2007).
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4.
4.1

ANATOMIC CHARACTERIZATION- REFERENCE-HUMERUS AND HS4
INTRODUCTION
Characterization of the variability in surgical anatomy of the humerus has been

instrumental in the evolution of shoulder (Gregory at al., 2007; Iannotti et al., 2005;
Pearl, 2005; Sanchez-Sotelo, 2011; Spitzer et al., 1996) and elbow (Brownhill et al.,
2007; McDonald et al., 2009) arthroplasty implants, as well as humeral nails (Akpinar et
al., 2003; Mahaisavariya et al., 2011). Anatomic consistency with the human humerus is
also relevant to the design of physical humerus models (Sawbones website) that are used
by orthopaedic surgeons for practicing surgical techniques. Computational geometry
derived from these anatomically characterized physical models has the potential to be
used for presurgical planning and surgical simulation. Musculoskeletal research
applications include the use of the physical model as a biomechanical tool for studying
structural behavior under loading (Elfick et al., 2002; Grover et al., 2011), and the use of
the humeral 3D-Computational geometry for implant design and development of finite
element models, which in turn can be used to study musculoskeletal pathology.
Accurate, accessible, and high resolution geometry for the humerus is available
from standard large image repositories, such as the Living Human Digital Library (Living
Human website), Digital Chinese Human (Luo, 2004), Chinese Visible Human (Zhang,
2006), Visible Korean Human (Park et al., 2006), and the NIH Visible Human Project
(NIH VHP) (Ackerman et al., 2001; NIH Visible Human Project website; Spitzer al.,
1996). An anatomic physical model of the humerus developed from such a data-source,
and manufactured with standardized bone-simulation materials (Sawbones website), will
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offer a reference tool for surgical technique practice and biomechanical experimentation,
as well as 3D-computational geometry, and will also add to the limited options of
available humerus models (Sawbones website). A significant advantage of this reference
model lies in the completeness of the parent dataset (NIH Visible Human Project
website), which facilitates addition of soft tissues such as muscles and ligaments, as well
as joints, at a later date.
Such an anatomic physical model of the humerus (H-VHP) and corresponding
3D-computational geometry, referred together to as the “Reference-Humerus”, with outer
and inner cortical surfaces derived from the NIH VHP anatomic image dataset (NIH
Visible Human Project website) and a medullary surface defined by the mandrel design
(Sawbones Worldwide, Pacific Research Labs, Washon, VA, USA) has been developed
by the authors. The objective of this project was to characterize the surgical anatomy of
this model, by quantifying the surgically relevant parameters, and evaluating the
measurements with published anatomic data for human humeri. Limited characterization
of the only other humerus model, the Sawbones 4th generation composite humerus, HS4
(Model 3404, Sawbones Worldwide, Pacific Research Labs, Washon, VA), was
performed as well for comparison with the Reference-Humerus.

4.2

METHODS

4.2.1

Development of the Reference-Humerus model

Five “Definition-of-reference” criteria that would help to define a long bone
model as a standard/reference were identified. These criteria were incorporated in the
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development process of the Reference-Humerus, which was comprised of three
sequential phases: (a) development of 3D-Humerus geometry from the NIH VHP image
dataset, (b) development of a physical model (H-VHP) from the 3D-Humerus geometry,
and (c) development of 3D-Computational geometry of the H-VHP. The physical model
(H-VHP) and its 3D-Computational geometry together comprise the Reference-Humerus.

4.2.1.1

Definition-of-Reference Criteria

Three criteria were incorporated in the physical model (H-VHP) development process,
while two criteria were identified for the 3D-Computational geometry of the H-VHP.

4.2.1.1.1
4.2.1.1.1.1

Physical model (H-VHP)
Standard source of geometry

The NIH VHP, comprised of MRI, CT, and new and old anatomical image
subsets, has been used for a multitude of technical (image processing, virtual reality) and
clinical (diagnosis, presurgical planning) research and teaching projects, as well as for
commercial applications extending from art to industry, by approximately 2,000 licensees
in over 48 countries (NIH Visible Human Project website). As a source of geometry for
an FE model of the humerus, the NIH VHP offers significant advantage over both
composite humerus models (Sawbones website) and cadaveric humeri. This is because
this standard source of accurate, accessible, and complete musculoskeletal and visceral
anatomic high resolution image data of one male and one female subset enables potential
addition of soft tissues such as muscles and ligaments as well as joints to the
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osteoanatomy of the humerus. Among the male data subsets, the new anatomic image
subset (sample slice, Figure 4-1) is preferred to the CT scan subset, since the latter is
lower in resolution and lacks complete definition of the distal humerus.

Figure 4-1 Sample Image Slice from the NIH VHP Newer Anatomic Image Dataset
(demonstrating complete visceral and musculoskeletal image data)
(Distributed by National Technical Information Service, Springfield, VA 22161)
4.2.1.1.1.2

Standard development protocol

The development protocol of the 3D-Humerus geometry from the NIH VHP
image dataset required identification of standard image segmentation techniques, and
software including Image J (Abramoff et al., 2004) and Mimics 7.0 (Materialise US,
Helm Court, Plymouth, MI, USA) from literature. The development protocol of the
physical model (H-VHP) from the 3D-Humerus geometry required identification of a
standard manufacturer of long bone models, modification of the 3D-Humerus geometry
as per the physical model (H-VHP) manufacture requirements, and consensus on the
minimum acceptable standards for the rapid prototyping manufacturing process.

4.2.1.1.1.3

Standard materials of manufacture
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Currently available standard fourth generation cortex-simulation and cancelloussimulation materials (Sawbones Worldwide, Pacific Research Labs, Washon, VA, USA)
were chosen to manufacture the physical (H-VHP) model. The former material is
comprised of short-fiber reinforced epoxy, while the latter material is made of rigid
polyurethane foam. Manufacturer documented properties include longitudinal and
transverse tensile moduli of 16.0 and 10.0 GPa, respectively, a compressive longitudinal
modulus of 16.7 GPa, and material density of 1.64 gm/cc for the cortex-simulation
material, and an elastic modulus of 0.155 GPa, and density of 0.27 gm/cc for the
cancellous- simulation material.

4.2.1.1.2
4.2.1.1.2.1

3D-Computational geometry of H-VHP
Standard development protocol

A standardized protocol involving sequential image processing (Mimics 7.0,
Materialise US, Helm Court, Plymouth, MI, USA), computer aided design (Solidworks,
Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA), and geometric
(surface)-to-(composite volume with retained intersecting surface) techniques (Abaqus,
Simulia, Rising Sun Mills, Providence, RI, USA) was developed to derive the 3Dcomputational geometry from the physical model (H-VHP).

4.2.1.1.2.2

Anatomic characterization protocol

The protocol for anatomic characterization of the corresponding 3D-Computational
geometry was defined with reference to literature on surgical procedures, and shoulder
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and elbow arthroplasty implant design (Pearl, 2005; Brownhill et al., 2007). Figure 4-2
presents some of the identified surgical anatomic parameters.

Parameters Illustrated: 1. Inclination 2. Proximal Articular Surface radius
3. Humeral Head height 4. Humeral Head to Greater Tuberosity height
5. Greater Tuberosity width 6. Lesser Tuberosity Anterior Offset
7. Humeral Head Posterior Offset 8. Humeral Head Total Offset
9. Humeral Head Medial Offset 10.Greater Tuberosity Lateral Offset
11. Trochlear Sulcus radius of curvature 12.Capitellum radius of curvature
13. Distal Flexion-Extension Axis Medial Offset 14. Distal Flexion-Extension Axis
Length 15. Distal Flexion-Extension Axis Anterior Offset
Figure 4-2 Literature-derived adult human humerus surgical anatomic parameters
(for future anatomic characterization of the Reference-Humerus)
Note: a. Anatomic best-fits; Humerus parameters: b. proximal and c. distal
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4.2.1.2

Reference-Humerus Development Methodology

4.2.1.2.1

Development of 3D-humerus geometry from the NIH VHP image dataset

Cross-sectional anatomic image slices from the NIH VHP Newer Anatomic Male
Thorax image dataset were imported into Image J for preliminary evaluation. For the
purpose of further import into Mimics 7.0, the image slices were converted into a data
stack of .bmp images using the Batch Converter tool in Image J. However, preliminary
examination of the dataset revealed three misaligned slices. To accurately realign these
image slices, the .bmp image data stack was converted into three .tiff image data stacks,
with an overlap of one image for each consecutive set, using the StackReg tool in Image
J. The three .tiff image data stacks were then realigned (StackReg tool, Image J) and were
converted back into one accurately aligned .bmp image data stack (Batch Converter,
Image J). However, owing to the limitations on the size of importable image data stacks
in Mimics 7.0, combined with the large data size of each image (9.7 MB/ image), the data
were imported from Image J into Mimics 7.0 as three .bmp subset image data stacks.
MIMICS 7.0 was then used to manually window, threshold and segment the
cross-sectional image slices within the three image data stacks to create smaller image
slices that excluded data other than humerus osteoanatomy and muscle attachments, thus
reducing the overall data size of each stack. The resulting three smaller size image data
stacks were combined into one, and manually reprocessed with windowing and threshholding to segment out the outer cortex, inner cortex/outer cancellous and inner
cancellous surfaces. The three fine triangular geometric mesh surfaces were refined
further and exported in .stl format.
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4.2.1.2.2

Development of the Physical Model (H-VHP) from the 3D-Humerus geometry

The outer cortex and inner cortex/outer cancellous (.stl) surface geometries were
sent to a standard manufacturer of composite bones, Sawbones Worldwide (Pacific
Research Labs, Vashon, WA, USA). The stereolithography files generated from this
geometric information were used to design and manufacture (using the rapid prototyping
technique) individual molds for the cortex and the core. Additional manufacturing
requirements necessitated the use of two transverse cross-pins, one each in the proximal
and distal segments of the humerus, and a mandrel that approximately spanned proximal
three-fourths of the length of the model and exited at the proximal end.
The initial step in the mold-to-model manufacturing process required the
placement of the mandrel and crosspins into the core mold. The cavity of the core mold
was filled with solid polyurethane foam cancellous-simulation material to encapsulate the
mandrel and cross-pins. The core was then transferred to the cortex mold, where it was
suspended in place by the mandrel and the cross-pins. Short-glass fiber reinforced epoxy
cortex-simulation material was then injected around the core. Following heat-curing, the
mandrel and cross-pins were removed, the model was cooled down, and the parting line
of the model was trimmed. The model was then heat post-cured and modified to regain
the original anatomic configuration.

4.2.1.2.3

Development of 3D-Computational Geometry of the H-VHP

Image data, comprised of 320 transverse sections, was obtained for the physical
model (H-VHP) using CT scanning (resolution - 512x512x320 pixels, voxel size - 0.3mm
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x 0.3mm x1.25 mm, 8 bits). The transverse image data were imported into Mimics 7.0,
and mutually exclusive 3-D cortical, cancellous and medullary surfaces of the H-VHP
were developed and exported as .stl geometric-mesh surface (comprised of triangles)
files. Solidworks was used to convert these files into a usable format for ABAQUS.
Using the Scan-to-3D tool in Solidworks, the (triangle) geometric-mesh surfaces
were then converted into (polygon) geometric-mesh surfaces, since the polygons better
approximated the curved osteoanatomy of the humerus, compared with triangles. The
(polygon) geometric-mesh surfaces were then imported into ABAQUS as three volumes.
These three volumes, namely, the cortical volume, the cancellous volume, and the
medullary canal volume were merged, while retaining intersecting surfaces to ensure that
consecutive volumes shared adjacent surfaces but did not overlap (Figure 4-3).

Figure 4-3 3D-computational geometry of the H-VHP
Note: Cortical, cancellous and medullary canal volumes
(with retained intersecting surfaces) are illustrated
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4.2.2

Anatomic Characterization of the Reference-Humerus
Qualitative assessment of the humeral osteoanatomy for bony landmarks

(Worthington, 1996), and quantitative characterization of surgical anatomy of the 3DComputational humerus geometry was performed. Quantitative characterization involved
establishment of geometric definitions of humeral bony landmarks (Solidworks), which
were utilized to perform measurements of surgically relevant parameters (ABAQUS).

4.2.2.1

Geometric Definition
In order to establish a global reference system for the humerus, the long axis of

the humerus was defined by a line joining the most proximal and distal medullary cavity
sections. The transverse plane was defined as normal to this line and was used to divide
the geometry into proximal humerus, diaphysis, and distal humerus. The proximal
humerus-diaphysis junction definition was referenced to the medullary cavity visualized
in the source data (Visible Human Project Image dataset), while the diaphysis-distal
humerus junction was based upon the mandrel definition of the physical model (H-VHP).
Geometric definitions of specific humeral landmarks were then established by
sequentially defining best fits, centers of rotation, axes, and coordinate systems. The bestfit plane for the anatomic neck of the humerus was defined as the Articular Margin Plane
(AMP). Spherical best fits were defined for the head of humerus proximally (Figures 4-4,
4-5) and for the Capitellum (Figure 4-6) distally. A circle best fit was defined for the
Trochlear Sulcus (Figure 4-6). Four ellipse best fits (Prox, Prox-1/3, Dist-1/3, and Dist)
were defined from transverse cross-sections of the diaphysis, normal to the long axis of
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the medullary cavity, dividing the shaft into equal proximal, middle, and distal one-thirds
(Figure 4-4).
The geometric center of the humeral head best fit was used to define the head
center of rotation (HCor), and articular surface radius (ASR). The Humeral Head Axis
(HA) was defined normal to AMP, passing through the HCoR (Figure 4-5). The line
joining the best-fit geometric centers of the Trochlear Sulcus (TSCoR) and Capitellum
(CCoR) was defined as the Distal Flexion Extension Axis (DFEA) (Figure 4-6). The
Humeral Diaphysial Axis (DA) was defined as the line joining the geometric centers of
Prox and Dist best fits (Figure 4-4). In addition, Proximal (PDA) and Distal (DDA)
Diaphysial Axes, connecting geometric centers of the Prox and Prox-1/3, and Dist and
Dist-1/3 best fits, respectively (Figures 4-5, 4-6), were also defined. The
Transepicondylar axis (TECA) was defined by a line connecting the most medial and
lateral points on the respective epicondyles (Figures 4-4, 4-6).
Individual Cartesian local coordinate systems (LCS) were established for the
proximal humerus (Figure 4-5), diaphysis, and distal humerus (Figure 4-6). This was
done since the geometry of each anatomic segment had significance for a distinct clinical
application. Proximal humerus geometry was relevant for shoulder arthroplasty, shaft
geometry for nailing and plating, and distal geometry for elbow arthroplasty. For the
proximal humerus, PDA and HA defined the proximal-distal (PD) and medio-lateral
(ML) axis, respectively. The antero-posterior (AP) axis was defined orthogonal to the PD
and ML axes. The coronal and sagittal planes was defined by the PD and ML axes, and
by the PD and AP axes, respectively. The transverse plane was defined as normal to
PDA. LCS were similarly established for the distal humerus and diaphysis, using DDA
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(PD axis) and DFEA (ML axis), and DA (PD axis) and TECA (ML axis), respectively.
Surgical osteoanatomy parameters of the Reference-Humerus for the whole bone (Figure
4-4), proximal humerus-articular and non-articular surfaces (Figure 4-5), and distal
humerus (Figure 4-6) were then measured.
In addition, Mid-diaphysial AP and ML diameters were measured in a middiaphysial transverse plane.

4.2.2.1.1

Whole Bone Parameters (Fig 4-4)

Length (L) was the sum of the distance between the midpoint of DFEA and the
geometric center of the humeral head spherical best fit, added to the ASR.
Retroversion (Retr) was the transverse plane angle between the humeral head axis
(normal to AMP) and TECA.
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Views: anterior (left), superior (top right)
Geometric Definitions: AMP: Articular Margin Plane;
HH: Humeral Head best-fit-sphere with center-of-rotation (HCoR);
DA: Diaphysial Axis; TECA: Transepicondylar Axis;
DFEA: Distal Flexion-Extension Axis; M: Midpoint of DFEA;
TS: Trochlear Sulcus best-fit-circle with center-of-rotation (TSCoR);
C: Capitellum best-fit-sphere with center-of-rotation (CCoR)
Figure 4-4 Reference-Humerus: Whole bone measurements
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4.2.2.1.2
4.2.2.1.2.1

Proximal Humerus Parameters (Figure 4-5)
Articular surface

Inclination(Incl) was the angle between the shaft (PDA) and neck (HA).
Articular surface radius (ASR) was the radius of the spherical best-fit of the humeral
head.
Humeral head height (HH Ht.) was the length along HA, from AMP to the humeral
head articular surface.
Humeral head medial (HH-MO) and posterior offset (HH-PO) were the perpendicular
distance between HCoR and PDA, in the coronal and sagittal plane, respectively.
Humeral head total offset (HH-TO) was the length of the line connecting HCoR and
PDA, calculated as the vector sum of the medial and posterior offsets.

4.2.2.1.2.2

Non-Articular surface

Greater tuberosity (GT) to humeral head (HH) height was the length measured along
the PDA, defined as the distance between the superior surface of the GT and the most
proximal point on the humeral head.
Greater tuberosity (GT) width was measured from the PDA to the lateral edge of GT.
Greater Tuberosity lateral offset (GT-LO) was the distance between the HCoR and the
lateral edge of GT in the coronal plane.
Lesser Tuberosity anterior offset (LT-AO) was the distance between the HCoR and the
anterior edge of LT in sagittal plane.
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Views: anterior (left), superior (top right)
Geometric Definitions: HA: Humeral Head Axis; PDA: Proximal Diaphysial Axis
Figure 4-5 Reference-Humerus: Proximal humerus measurements
4.2.2.1.3

Distal Humerus Parameters (Figure 4-6)

Trochlear Sulcus and Capitellum, radius of curvature (TS-RoC; Cap-RoC) were the
radii of the corresponding spherical and circular best fits.
Distal Flexion-Extension Axis anterior offset (DFEA-AO) and medial offset (DFEAMO) were the distance between the DDA and the DFEA in the sagittal plane, and the
coronal plane, respectively.
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Views: anterior (left), inferior (bottom right)
Geometric Definitions: DDA: Distal Diaphysial Axis;
TECA: Transepicondylar Axis; DFEA: Distal Flexion-Extension Axis;
TS: Trochlear Sulcus best-fit-circle with center-of-rotation (TSCoR);
C: Capitellum best-fit-sphere with center-of-rotation (CCoR)
Figure 4-6 Reference-Humerus: Distal humerus measurements
4.2.3

Limited Anatomic characterization of HS4
Limited anatomic characterization was performed for the HS4. The linear

parameters included humeral length, humeral head articular surface radius, and middiaphysial AP and ML diameters, and were measured with a caliper. The angular
parameters included inclination and retroversion, and were measured with a goniometer.
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Length was defined as the distance between the most proximal point on the humeral head
and the most distal point on the Trochlear Sulcus.
Articular surface radius was defined as the average of the AP and ML radii of the
humeral head measured in the plane of the anatomic neck of the humerus.
Mid-diaphysial AP and ML diameters were measured in a mid-diaphysial transverse
plane.
Inclination was measured as the angle between the long axes of the head/neck and the
shaft.
Retroversion was defined as the transverse plane angle between the long axis of the
head/neck and the Transepicondylar axis.

4.3

RESULTS

4.3.1

3D-Humerus geometry developed from the NIH VHP image dataset
The 3D-humerus geometry developed from the NIH VHP image dataset included

three non-intersecting geometric mesh surfaces, namely, the outer cortex, inner
cortex/outer cancellous and inner cancellous surfaces. Each mesh surface was composed
of thousands of very small triangles that helped to closely approximate the curved
surfaces in the humerus osteoanatomy. Anterior, posterior, lateral oblique and medial
oblique views of the 3D-humerus geometry are presented in Figure 4-7.
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Figure 4-7 3D-Humerus geometry developed from the NIH VHP image dataset
4.3.2
4.3.2.1

Reference-Humerus
Physical Model (H-VHP)
The layers of the physical model were identical to the source 3D-Humeral

geometry, and were comprised of the cortex and cancellous layers and a medullary
canal. The cortex layer was the outer volume between the cortex mold and the core mold.
The cancellous layer was the inner volume between the core mold and the mandrel. The
medullary canal was the inner hollow cavity in the model that was open proximally and blind-ended distally, and was based upon the circular-cross-sectional tapered cylinder
mandrel geometry. Anterior, posterior, lateral, and medial views of the physical model,
H-VHP, are presented in Figure 4-8.
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Figure 4-8 Physical Model (H-VHP)
4.2.2.2

3D-Computational Geometry of the H-VHP
The 3D-Computational geometry of the H-VHP was comprised of three surfaces,

and three derivative non-overlapping, contiguous volumes. The three surfaces were the
outer cortical surface, the inner cortical/outer cancellous surface, and the inner
cancellous surface. The three volumes were the outer cortical volume, between the outer
and inner cortical surfaces, the inner cancellous volume, between inner cortical and inner
cancellous surface, and the medullary canal volume, based upon the mandrel geometry.
Anterior, posterior, lateral oblique, and medial oblique views of the 3D-computational
geometry of the H-VHP are presented in Figure 4-9.
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Figure 4-9 3D-Computational Geometry of the H-VHP
4.2.3
4.2.3.1

Surgical Anatomic Characterization
Reference-Humerus
The Reference-Humerus is 316.0 mm in length, and retroverted 50.5 degrees

(Table 4-1). To simplify anatomic description, the model is subdivided into the proximal
humerus, the diaphysis, and the distal humerus.
The proximal humerus is 56 mm in length. Important proximal humerus bony
landmarks identified include the articular head of the humerus, greater (GT) and lesser
tuberosity (LT), and surgical and anatomic necks. The articular surface radius and
humeral head height are 18.9 mm and 16.1 mm, respectively. The humeral head medial
offset is 10.8 mm, posterior offset is 1.2 mm, and the total offset is 10.9 mm. Non
articular measurements characterized include 46.6 degrees of inclination, head to GT
height of 8.0 mm, GT width of 13.5 mm, GT lateral offset of 18.9 mm, and LT anterior
offset of 18.2 mm (Table 4-2).

53
Table 4-1 Reference–Humerus: Study design and whole bone parameters

Note: 1. Literature review characterizing surgical osteoanatomy of the adult human
humerus; 2. Range synthesized by authors of the present study from literature,
and 3. Reference-Humerus measured data
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Table 4-2 Reference–Humerus: Proximal humerus parameters

Note: 1. Literature review characterizing surgical osteoanatomy of the adult human
humerus; 2. Range synthesized by authors of the present study from literature,
and 3. Reference-Humerus measured data
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The diaphysis is arbitrarily subdivided into three equal parts of length 70 mm
each. The Bicipital groove is identified in the proximal-third, and the Radial groove in the
middle-third. The distal-third demonstrates anterior angulation. The cross-sectional
geometry transitions from polygonal in the proximal diaphysis to circular in the middle,
and then triangular (flattened antero-posteriorly) in the distal diaphysis (Fig 4-10).

Figure 4-10 NIH Visible Human Project Reference-Humerus diaphysis
(proximal-third, middle-third, and distal-third) cross-sectional anatomy
Note: 3D-computational geometry (top); magnified (middle) and original (bottom)
NIH VHP transverse cross-sections
The distal humerus is 50 mm in length. The distal humerus articular surface
landmarks include the Trochlea and the Capitellum. The radii of curvature for the
Trochlear Sulcus and Capitellum are 8.6 mm and 10.5 mm, respectively. The distal
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flexion-extension axis anterior and medial offsets are 8.0 mm and 5.8 mm, respectively
(Table 4-3).
Table 4-3 Reference–Humerus: Distal humerus parameters

Note: 1. Literature review characterizing surgical osteoanatomy of the adult human
humerus; 2. Range synthesized by authors of the present study from literature,
and 3. Reference-Humerus measured data
Tables 4-1, 4-2 and 4-3, and Figure 4-11 present the Reference-Humerus
osteoanatomic parameters measured, along with ranges for each parameter synthesized
by authors of the present study from existing literature.
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Linear Parameters (Units: length - cm, all other linear parameters – mm)
Len: Length; ASR: Articular Surface Radius;
HHt: Head Height; HH-MO: Humeral Head Medial Offset;
HH-PO: Humeral Head Posterior Offset; HH-TO: Humeral Head Total Offset;
HH:GT Ht: Humeral Head to Greater Tuberosity Height;
GT Wid: Greater Tuberosity Width; GT-LO: Greater Tuberosity Lateral Offset;
LT-AO: Lesser Tuberosity Anterior Offset; Cap-RoC: Capitellum Radius of Curvature;
TS-RoC: Trochlear Sulcus Radius of Curvature;
DFEA-AO: Distal Flexion-Extension Axis Anterior Offset;
DFEA-MO: Distal Flexion-Extension Axis Medial Offset
Angular Parameters (Units: degrees): Retr: Retroversion; Incl: Inclination
Figure 4-11 Humerus anatomic parameters: Reference-Humerus measurements
(markers) and author-defined literature-derived ranges (lines)
4.2.3.2 HS4
The measured length and was humeral head articular surface radius were 360 mm
and 23.5 mm, respectively. The mid-diaphysial AP and ML diameter were 21 mm and 23
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mm, respectively. The inclination and retroversion were 45° and 40°, respectively.
Reference-Humerus measurements of these parameters are compared with those for the
HS4 in Table 4-4.

Table 4-4 Comparison of Reference-Humerus and HS4 measurements
(select humerus osteoanatomy parameters)

4.3

DISCUSSION
The Reference-Humerus model, developed based upon “definition-of-reference”

criteria, from the US standard image dataset, the NIH VHP (NIH Visible Human Project
website), is a biomechanical tool with many applications. The model is comprised of a
structurally characterized physical model (H-VHP) and anatomically characterized
corresponding 3D-Computational geometry. Some possible clinical applications include
surgical technique practice on the physical model (H-VHP), and presurgical planning
with the 3D-Computational geometry. Potential research applications include evaluation
of trauma-fixation and arthroplasty implants using both the physical model (H-VHP) and
the 3D-Computational geometry. The 3D-computational geometry can also be used for
the development of FE models of the humerus, which can then be used to study various
musculoskeletal pathologies such as osteoporosis, bone metastasis, and Osteogenesis
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Imperfecta. The present application of this model is to develop a humeral diaphysial FE
model to study strain behavior of this long bone under loading.
Identification of the surgical osteoanatomic parameters to be measured for the
humerus model involved a comprehensive review of literature on arthroplasty and trauma
fixation. Previous consensus definitions of these parameters were adapted to facilitate a
critical comparison of this study with published data. All measured anatomic
characteristics of the Reference-Humerus model lay within or very close to respective
ranges, which were derived by pooling data from multiple published studies on human
cadaveric and live humeri (Tables 4-1 to 4-3, Figure 4-11).
The wide range in literature reflects not only the anatomic variability of the
humerus, but also a difference in methodology, including subjective observer-based
definitions of reference anatomic planes and axes, and the use of disparate modalities of
measurement. Measurements for the current study have been made using CT-based 3DComputational methods, similar to some recent studies (Brownhill et al., 2007;
McDonald et al., 2009). Older studies have measured the physical model itself with
calipers (Burkhart et al., 2008; Iannotti et al., 1992), mechanical jigs (Pearl and Volk,
1996; Pearl and Volk, 1995) and digitization machines (Boileau and Walch, 1997;
DeLude et al., 2007; Roberts et al., 1991; Roche et al., 2006), or calculated relevant
parameters from 2D radiographs (Takase et al., 2002) and MRI data (Doyle and Burks,
1998; Iannotti et al., 1992). A critical review of methods documented in literature is
presented in Table 4-1.
The measured length of the Reference-Humerus (316.0 mm) lies towards the
middle of range 25.2 – 38.0 cm, and, in addition to torsion of the humerus (Ito et al.,
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1995), anterior angulation of the distal-third diaphysis, and medullary cavity dimensions
(Akpinar et al., 2003), has been identified as an important humeral geometric
characteristics for nailing. The measured retroversion (50.5 degrees) lies towards the
higher end of the range -10.3 to 56.5 degrees. Another method of measuring retroversion
described in literature includes using the Bicipital groove orientation as a guide, as is
done intra-operatively during prosthesis positioning. However, this method has been
challenged due to the change in orientation of the Bicipital groove as it courses from the
anatomic neck to the surgical neck (Balg et al., 2006). Hence, the difference in values for
retroversion between studies may be explained by their different definitions.
As documented in Table 4-2, the Reference-Humerus articular surface radius
(18.9 mm) and head height (16.1 mm) lie in the lower half of the respective ranges of
17.0-36.0 mm and 12.1 to 24.0 mm, and are relevant for sizing of the prosthesis humeral
head. This parameter has been incorporated in the design of the modular humeral head
(second-generation) component, so as to balance soft tissues and facilitate easy revision
(Sanchez-Sotelo, 2011). The measured head medial offset (10.8 mm) is towards the
higher end (2.9 to 12.0 mm) and the posterior offset (1.2 mm) is towards the lower end (2.0 to +8.0 mm) of the range, and these are relevant for positioning of the prosthesis
humeral head with reference to the stem, as incorporated in the design of third-generation
humeral components (Sanchez-Sotelo, 2011). Both the smaller (Iannotti et al., 1992;
Pearl and Volk, 1996; Robertson et al., 2000) and larger (Boileau and Walch, 1997;
DeLude et al., 2007; Roche et al., 2006; Takase et al., 2002) angles between the humeral
axis and the normal to the articular margin plane have been used to define inclination or
the head-neck angle. The present study utilizes the smaller angle to define inclination
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(46.6 degrees), which lies towards the middle of the range 30.0 - 60.4 degrees, and is
relevant for humeral component neck angulation in a both total and reverse total shoulder
arthroplasty. The Head to GT height (8.0 mm) lies towards the middle of the range of 2.0
to 13.0 mm. GT lateral offset (18.9 mm) and LT anterior offset (18.2 mm) lie close to the
lower value of the respective ranges of 22.5 to 29.1 mm, and 18.3 to 25.0 mm,
respectively, which can be attributed to the small articular surface radius.
As defined in Table 4-3, the Trochlear RoC (8.6 mm) and Capitellum RoC (10.5
mm) lie within ranges 7.2-10.1 mm and 9.8-14.5 mm, respectively, and help in defining
the size of the elbow implant, as do the DFEA anterior (measured value 8.0 mm, range
7.5 – 14.8 mm) and lateral (measured value 5.8 mm, range 0.7 to 6.6 mm) offset.
Of note is the fact that the proximal and distal articular surface cartilage
visualized in the anatomic images was excluded from the Reference-Humerus
osteoanatomic design. Based upon proximal, diaphysial and distal geometric
characteristics (Tables 4-1, 4-2, 4-3, Figure 4-11), the Reference-Humerus has
application as a tool for surgical technique practice that utilizes relatively smaller to midsize nails, shoulder implants and elbow implants (3rd - 50th percentile Male). On the other
hand, the measured osteoanatomic parameters for the HS4, while lying within the range
for cadaveric humeri, point towards applicability for larger implants (95th percentile
Male).
Another major implication of characterized osteoanatomy is the fulfillment of a
design criterion in defining the humerus model as a Reference-Humerus. Previously
published long-bone physical models (Elfick et al., 2002) and geometry benchmarks
(Viceconti et al., 1996) have the advantage of accessibility to the entire scientific
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community, with greater confidence in the repeatability of results. With regards to a
“Standardized” geometry benchmark, a reference 3D geometry of the femur, developed
from the 2nd generation anatomic composite femur (Viceconti et al., 1996), has been
extensively used for development of finite element models with research applications.
However, few physical non–anatomic (Elfick et al., 2002) and anatomic (Sawbones
website) models of the humerus exist, while no “Standardized” geometry benchmark of
the humerus has been proposed so far. The Reference-Humerus, comprised of a physical
model (H-VHP) and corresponding 3D-Computational geometry, is intended as a
reference model (derived from complete musculoskeletal image data of one specific
cadaver) as opposed to patient-specific models, for very specific applications.
As with any model, the Reference-Humerus model has certain inherent
limitations. The model is not meant to incorporate the entire anatomic variability of the
humerus; rather, it represents a specific cadaveric geometry. Hence, while the model
cannot be used “as-is” for patient specific applications, specific clinical and research
applications, as documented with the standardized femur (Viceconti et al., 1996), exist.
Also, while utmost care has been taken in design and development, existing
manufacturing process limitations have introduced up to 10% variability in the material
properties of the cortical and cancellous simulation materials in the physical model
(Grover et al., 2011). Another technical limitation relates to the software used, which has
influenced the final humeral head and distal articular humerus 3D-Computational
geometry. However, anatomic characterization of the model within the range for human
humeri documents its clinical and research applicability.
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Future work will focus on two main areas, namely, further refinement of the 3DComputational geometry, and numerical application of the model to study
musculoskeletal pathology. By having used the standard NIH VHP database as the source
of geometry, not only can the osteoanatomic geometry be refined further with respect to
the articular surfaces, there is also potential for addition of muscle attachments and joint
articulations (such as the gleno-humeral, ulno-humeral and radio-capitellar joints) to
develop a full-scale kinetic and kinematic model of the upper extremity. Additionally,
the 3D-Computational geometry can be used for presurgical planning. Finally, FE models
of the humerus developed from the 3D-Computational geometry can be effectively
complemented by experimental data obtained from the physical model (H-VHP), and
together can help in studying musculoskeletal pathology. The anatomically characterized
physical model (H-VHP) is also offered as a tool for practicing surgical techniques, such
as arthroplasty, plate fixation, nailing, and osteotomy.
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5. HUMERAL DIAPHYSIAL FE MODEL VALIDATION (PHYSIOLOGIC
MAGNITUDE LOADING) – REFERENCE-HUMERUS
5.1

INTRODUCTION
FE models are useful analytical tools complementing experimental studies

(Anderson, 2010). Experimental validation of finite element models based upon anatomic
long bone models (Gray et al., 2008) and cadaveric long bones (Gray et al., 2007)
provides confidence in their usability as biomechanical research tools. While validated
FE models exist for the lower extremity, and include the tibia (Gray et al., 2007; Gray et
al., 2008) and the femur (Taddei et al., 2006), no such anatomic FE models have been
developed and validated for the upper extremity.
The aim of this study was to develop and validate an FE model of an anatomically
characterized humerus model, the Reference-Humerus. The validated ReferenceHumerus FE model, similar to other long bone FE models that have been used to study
clinical pathology (Fritz et al., 2009), can be utilized to study humeral diaphysial strain
characteristics under loading.

5.2

METHODS
Development and validation of the Reference-Humerus FE model required both

numerical/FE and experimental work. Numerical work involved FE model development
(section 5.2.1), FE simulation of the evaluation (four-point bending) experiment (section
5.2.2), numerical verification (section 5.2.3), and comparison of simulation and
experimental data (section 5.2.4). The experimental testing involved (a) material testing
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of a cortex-simulation material beam in axial loading (tension) to derive its elastic
modulus and (b) evaluation experiment, comprising two-plane four-point bending of a
strain-gage rosette instrumented Reference-Humerus specimen to derive mid-diaphysial
principal strain data.

5.2.1
5.2.1.1

FE model development
Geometry
Computed tomography (CT) scans of the Reference-Humerus physical model

were acquired at, as well as reconstructed at a resolution of 0.13 x 0.13 x .2 mm. Region
growing with manual editing was used to segment the images to isolate the cortical,
cancellous and medullary surfaces (.stl). The medullary hole exiting the cortex and
cancellous surfaces proximally was then clipped at the level of the surgical neck, such
that the cortex and cancellous layers were independent, yet contiguous volumes at the
level of the humeral head. This was performed to more closely approximate actual
humeral anatomy, and to help in the meshing process. This step was also justified since
the region of validation, the diaphysis, was at a distance from the region of geometric
modification, proximal to the proximal metaphysis.

5.2.1.2

Mesh
The geometry was meshed with 8 node linear hexahedral elements (C3D8).

Meshing was performed in IowaFEMesh using the multi-block approach (Grosland et al.,
2009). This technique involved defining a series of interconnected building blocks that
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were closely aligned to each of the surfaces. The building blocks were constructed about
the medullary cavity first. These blocks were then used to define further blocks for the
cancellous bone. The cortical bone blocks were constructed last using the previous blocks
(Figure 5-1). The blocks defining the medullary cavity were then deleted. Mesh seeds
were then assigned, and the mesh was generated by projecting the subdivided blocks onto
the surface(s) of interest. The technique allowed for meshing of both cortical and
cancellous volumes simultaneously.

Figure 5-1 Mapped-meshing mesh generation technique:
Reference-Humerus FE model
Three meshes (.vtk) with different element sizes were generated. The coarse mesh
was comprised of 9240 elements, while the medium and fine mesh were comprised of
27868 and 59852 elements, respectively. Cortical and cancellous element sets were
defined for accurate assignment of material properties. The (.vtk) meshes were then
exported in the (.inp) format required for defining the simulations in ABAQUS.

67
5.2.1.3

Material Properties
Both the cortex and cancellous layers were modeled as isotropic. The material

properties included Poisson’s ratio and elastic modulus. The Poisson’s ratio was derived
from manufacturer specifications. Manufacturer specified elastic modulus was used for
the cancellous layer, while the cortical layer elastic modulus was obtained
experimentally. The experiment design involved axial loading of a machined cortexsimulation material beam. The strains obtained from the instrumented strain gages were
used to derive the elastic modulus.
Owing to the variable thickness and geometry of the cortex layer throughout the
diaphysis, three best-possible rectangular cross-section beams were machined from the
cortex layer of a composite humerus diaphysis without specific regard to location. The
largest beam (length, l=78 mm) with the most regular cross-section (breadth, b = 10.7
mm, and height, h = 2.7 mm) throughout the length was chosen for testing. The specimen
was instrumented with two uniaxial strain gages (CEA-13-250UW-120, Vishay MicroMeasurements, NC, USA), each located in the middle of the largest surface (l*b), and
oriented along the length of the specimen.
Two trials of axial (tensile) loading were performed over a load range of 0-50 N
(Model 3345, Instron, Norwood, MA, USA). Longitudinal strain data () collected from
the two gages were averaged at each load. The elastic modulus of the cortex-simulation
material (Ecortex) was calculated by the axial load formula (Hooke’s law), equation (5.1)
E = F / (.b.h)

(5.1)

where E is Ecortex, F is the applied axial force,  is the strain data from the uniaxial
strain gages, and b and h are the test specimen breadth (10.7 mm) and height (2.7 mm).
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The data from the two trials were analyzed to obtain Ecortex mean, standard
deviation, and lower and upper (bounds of) range (Ecortex LOW and Ecortex HIGH) values.
Two material property groups, E LOW and E HIGH were defined, based upon Ecortex LOW
and Ecortex HIGH, respectively. The rest of the data, including Poisson’s ratio for both
layers and the elastic modulus for the cancellous layer, were identical for both material
property groups (Table 5-1).

Table 5-1 Reference-Humerus FE model material property simulation groups

Note: Cor: Cortex-simulation material; Can: Cancellous-simulation material
5.2.2

FE simulation of the evaluation experiment design (four-point bending)

5.2.2.1

Simulation design (Figure 5-2, top)

5.2.2.1.1

Local Coordinate System (LCS)

Independent local coordinate systems (LCS) were defined for the AP and ML
four-point bending simulations, guided by experiment design. These LCS were defined
with reference to the global coordinate system (GCS) of the FE model, which had been
created using the position of the Reference-Humerus physical specimen (H-VHP) during
the CT scan. For AP four-point bending, the local coordinate system (LCS) aligned with
the GCS. For ML four-point bending, the LCS was defined as rotated 20°
counterclockwise along the GCS global Z axis.
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The convention followed was: the Z-axis lay along the length of the humerus (+Z
directed superiorly), with the X-axis aligned antero-posteriorly (+X directed posteriorly),
and the Y-axis aligned medio-laterally (+Y directed medially). The XZ plane was the AP
plane, the YZ plane was the ML plane, and the XY plane was the transverse plane.

Note: 1. Local coordinate sytem (proximal humerus)
2. Plane of strain-gage rosette (SG) instrumentation (mid-diaphysis)
3. Force and support rollers are shown as yellow circles
4. The arrows represent the force applied at the load rollers
5. Boundary conditions are applied at support rollers
a. Proximal: UX=UY=UZ; b. Distal: UY=0
6. Distance between: a. Support rollers (Le= 150 mm)
b. Distance between the load roller and support roller on either side (C=50 mm)
Figure 5-2 Schematic illustration of the FE simulation (top)
of the ML four-point bending evaluation experiment design (bottom)
5.2.2.1.2

Loads and Boundary conditions (BCs)

Loads and boundary conditions were established to closely approximate the
experimental design. The FE LCS was used to define the position of loads and boundary
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conditions that corresponded to the respective experimental design force and support
rollers. Both the loads and the boundary conditions were modeled as lines of nodes.
The simulation load was 100N, divided equally among the two force rollers. Each
force roller load of 50 N was then divided equally among the nodes. Only the translation
(U) in the test plane was constrained at the distal support roller, i.e., UX=0 for AP fourpoint bending (XZ plane), and UY=0 for ML four-point bending (YZ plane). Boundary
conditions at the proximal support roller constrained all three translations
(UX=UY=UZ=0) to prevent rigid body motion.

5.2.2.2

Evaluation experiment design (Figure 5-2, bottom)
Following definition of AP and ML planes, the test specimen (H-VHP) was

instrumented with strain-gage rosettes. Four stacked rectangular rosettes (C2A-06062WW-350, Vishay Micro-Measurements, NC, USA) were located on the anterior (A),
posterior (P), medial (M), and lateral (L) surfaces in a single diaphysial transverse plane,
and bonded to the specimen with cyanoacrylate, M-bond 200 (Vishay MicroMeasurements, NC, USA). Care was taken to ensure that the central strain gage (II) in all
four rosettes was aligned with the shaft of the humerus. This methodology is similar to
that defined previously in literature (Grover et al., 2011).
The four-point load configuration was comprised of two cylindrical superior load
rollers spaced 50 mm apart and two cylindrical inferior support rollers spaced 150 mm
apart (Le). The support roller was 50 mm from the loading roller on each side (C), so as
to be consistent with ASTM D790 standard of C being one third of Le. The posterior and
lateral surfaces were under tension during AP and ML four-point bending, respectively.
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The bending tests were performed with a servo hydraulic material testing system
(MTS 809, Eden Prairie, MN), with integrated load cell and linear variable displacement
transducer. For both AP and ML four-point bending tests, strain data were collected for
two loading cycles following preconditioning up to a maximum load of 400 N. Principal
strains (1 and 2), were then calculated from the strain data collected from the three
gages of each stacked rectangular strain-gage rosette (I, II, and III) using standard strain
transformation plane stress equations (5-2) and (5-3) (Boresi and Schmidt, 2003).
1 = 0.5 (I+  III) + 0.5[(I – 2 II + III) 2 + (III –I) 2]0.5

(5.2)

2 = 0.5 (I+ III) - 0.5[(I – 2 II + III) 2 + (III –I) 2]0.5

(5.3)

where 1 and 2 are maximum principal (maximum tensile) and minimum principal
(maximum compressive) strains, and I,  II and  III are strains collected.

5.2.2.3

FE Analysis
A linear static analysis was performed, as supported by the linear trends in

experimental strain and stiffness data over the load range 0-400 N. The FE output
parameter was principal strain. External surfaces of one element each were located
corresponding to the location and length (1.5 mm) of each physical strain-gage rosette.
Surface principal strains collected from the four nodes on the element surface were used
to obtain mean and standard deviation values. Maximum principal strain data were
evaluated at element surface corresponding to the tensile strain-gage rosette. Minimum
principal strain data were evaluated at element surface corresponding to the compressive
strain-gage rosette.
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5.2.3

Numerical verification (convergence)
Convergence, defined as a decreasing slope in the validation parameter, was

assessed for the AP four-point bending simulation set, with material property group
Ecortex = 11000 MPa, and Poisson’s ratio =0.3 (which lay within the experimental range
of ELOW and EHIGH) first with respect to mesh size, and then with respect to boundary
conditions. The validation parameter was principal strain, measured at element surfaces
corresponding to the test plane strain-gage rosette locations. Table 5-2 summarizes the
two convergence studies for the AP bending simulation.

Table 5-2 Reference-Humerus FE convergence studies

Note: Levels 1 to 3: increasing order of mesh refinement (mesh size convergence study),
better approximation of the experiment (boundary conditions convergence study)
5.2.4

Comparison of simulation and experimental data
The respective minimum and maximum principal strain vs. load slopes of the

ELOW and EHIGH simulations were plotted over the load range 0-400 N along with
experimental data. These slopes were defined as the upper and lower bounds of an FE
validation band for comparison with experimental data. The present study’s experimental
validation criterion required the experimental data to lie within the FE validation band.
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5.3

RESULTS
Experimental material, FE, and experimental validation results are presented.

5.3.1
5.3.1.1

Experimental cortex-simulation material testing (Axial tensile loading)
Elastic modulus, ECORTEX (Figure 5-3)
The ECORTEX for trials 1 and 2 was 10.3±0.9 GPa and 10.8±0.8 GPa, respectively.

The trial-average mean was 10.6 GPa, and the trial-average standard deviation was 0.8
GPa. The upper and lower bounds of the range derived by pooling data from both trials
were 9300 MPa (EcortexLOW) and 12100 MPa (EcortexHIGH), respectively.

Figure 5-3 Experimental cortex-simulation material (beam) results
Elastic modulus (Ecortex) calculated for trials 1 and 2
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5.3.2

FE results

5.3.2.1

Convergence – AP bending

5.3.2.1.1

Mesh size (Figure 5-4, top)

The maximum and minimum principal strains, at the element surfaces
corresponding to P and A strain-gage rosettes, respectively, demonstrated a decrease in
slope with increase in the refinement of the mesh. From the coarse to the medium mesh,
maximum and minimum principal strains (plotted with increasing mesh refinement),
demonstated slopes of 0.09 με/mesh size and -0.02 με/mesh size, respectively. From the
medium to the fine mesh, the maximum and minimum principal strain (plotted with
increasing mesh refinement) slopes reduced to -0.02 με/mesh size and +0.01 με/mesh
size. Hence, the fine mesh, with demonstrated convergence in both maximum and
minimum principal strains, was used for further simulations.

5.3.2.1.2

Boundary conditions (Figure 5-4, bottom)

The maximum principal strain at the element surface corresponding to the P
strain-gage rosette demonstrated similar values for all three boundary conditions
(620.7±0.6 με). The minimum principal strain, evaluated at element surface
corresponding to the A strain-gage rosette, was greatest (-550 με) for the BC set that most
closely aproximated the experimental AP plane four-point bending setup (Proximal BC:
UX = 0; Distal BC: UX =0 ). This was also the least constrained boundary condition set.
The more constrained BC sets demonstrated similar lesser values (-532 με).
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Figure 5-4 Convergence study of Reference-Humerus FE model
(AP four-point bending)
Note: Principal strains evaluated for increasingly refined mesh size (top),
and better approximation of experiment (bottom)
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5.3.2.2

Description of FE simulation results

5.3.2.2.1

AP bending (Figure 5-5, left)

The Reference-Humerus FE model deformed in the anteroposterior plane.
Maximum positive and negative anteroposterior displacements were seen in the middle of
the diaphysis (red, Figure 5-5a, left ) and at the epiphysis (blue, Figure 5-5a, left),
repsectively. Maximum and minimum principal strains were observed in the middiaphysis at the tensile posterior (green, Figure 5-5b, left) and compressive anterior
(orange, Figure 5-5c, left) surfaces, respectively. These findings agree with the
experimental setup and provide further confidence in the FE simulation.

5.3.2.2.2

ML bending (Figure 5-5, right)

The Reference-Humerus FE model deformed in the mediolateral plane. Maximum
positive and negative mediolateral displacements were seen in the middle of the diaphysis
(blue, Figure 5-5a, right) and at the epiphysis (yellow-red, Figure 5-5a, right),
repsectively. Maximum and minimum principal strains were observed in the middiaphysis at the tensile lateral (green, Figure 5-5b, right) and compressive medial (green
Figure 5-5c, right) surfaces, respectively. These findings agree with the experimental
setup and provide further confidence in the FE simulation.
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Figure 5-5 Finite element results for Reference-Humerus AP (left) and ML (right)
four-point bending simulation
Note: Left: (a) Anteroposterior displacement (View: Mediolateral plane); (b) Maximum
(View: Posterior oblique) and (c) Minimum Principal strain (View: Anterior oblique)
Right: (a) Mediolateral displacement (View: Anteroposterior plane);(b) Maximum (View:
Anterior oblique) and (c) Minimum Principal strain (View: Posterior oblique)
Note: Not to scale, scaled 75X for visualization
5.3.2.3

Comparison of FE and experimental principal strains

5.3.2.3.1

AP bending (Figure 5-6)

The FE maximum principal strains at load 100N for simulation sets E HIGH and
E LOW were 567±11 με and 735±14 με, respectively. The FE minimum principal strains at
load 100N for simulation sets EHIGH and ELOW were -518±3 με and -674±4 με,
respectively. The average experimental maximum and minimum principal strain slopes
over the load range 0-400 N were 6.60±0.01 με/N (R2=1.00) and -6.38±0.01 με /N,
respectively (R2=1.00).
All experimental data lay inside the FE validation band. While the maximum
principal strain was towards the middle of the FE data band, the minimum principal strain
was closer to the higher bound, ELOW (Figure 5-5a, 5-5d).

78
5.3.2.3.2

ML bending (Figure 5-6)

The FE maximum principal strains at load 100N for simulation sets E HIGH and
E LOW were 696±12 με and 903±16 με, respectively. The FE minimum principal strains at
load 100N for simulation sets EHIGH and ELOW were -591±12 με and -769±16 με,
respectively. The average experimental maximum and minimum principal strain slopes
over the load range 0-400 N were 8.96±0.01 με /N (R2=1.00) and -7.07±0.01 με /N,
respectively (R2=1.00).
All experimental data lay within the FE validation band. Both the maximum and
minimum lay closer to the higher bound, ELOW. (Figure 5-6b, 5-6c).

Figure 5-6 Experimental (data points) and FE simulation (lines) principal strain data
Note: 1. FE E HIGH (continuous line) and E LOW (dashed line) maximum (a,b) and
minimum (c,d) principal strain data for AP (a,d) and ML four-point bending (b,c)
2. FE simulation sets EHIGH (Ecortex=12100 MPa) and E LOW (Ecortex=9300 MPa)
defined the respective lower and upper bounds of the FE validation band.

79
5.4

DISCUSSION
The Reference-Humerus model is one of the few anatomic humerus models at

present. The model was developed from a standard image dataset, the NIH VHP (NIH
Visible Human Project website), and manufactured using standard cortex-simulation and
cancellous-simulation materials (Sawbones website). This standard image source enables
potential addition of soft-tissue information, such as muscles, ligaments and joints, to the
3D-Computational geometry and the FE model at a later date. An FE model of this
anatomically characterized Reference-Humerus model has been developed and validated
by the authors, in accordance with the first and second levels of validation described in
literature (Viceconti et al., 2005).
In accordance with first level validation guidelines, accurate geometry derived
using CT scan data as well as material properties derived using experimental methods
have been incorporated into the FE model. Linear hexahedral elements were chosen for
mesh-development over tetrahedral elements due to documented advantages for complex
geometry related applications (ABAQUS/CAE user’s manual). The mapped-meshing
technique was used to develop the mesh in preference to voxel-meshing technique due to
closer approximation of complex humeral geometry (Couteau et al., 2000). The loads and
boundary conditions were carefully defined to closely approximate the evaluation
experiment using local coordinate systems adapted from the experimental setup design.
Linear static analysis was supported by linear experimental trends in the evaluation
parameter, principal strain, over the test load range. Numerical verification (convergence)
was performed with regard to both mesh size refinement and boundary condition
constraints.
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In accordance with the second level validation guidelines, the output evaluation
parameter, principal strain, was compared between the FE simulations and their
corresponding evaluation experiments. A validation band that incorporated the range of
experimental material property data (Ecortex) in the FE simulation was established for
comparison with experimental data. In addition, regression slope and coefficient values
from literature specific to composite bone (Gray et al., 2008) were used for comparison
with the present study.
Model verification demonstrated convergence in the finest mesh as well as the
least constrained boundary condition set, i.e., constraining displacement in the test-plane
only. This boundary conditon set also approximated the experiment design most closely.
The qualitative FE simulation results for AP and ML four-point bending (predicted
deformation, anatomic distribution of test-plane displacements and principal strains)
were in agreement with the theoretical basis of the experimental setup design, and hence
provided further confidence in the respective FE simulations.
Quantitative FE model evaluation demonstrated that all experimental principal
strain data lay within the FE validation band. The minimum principal strain data for both
AP and ML four-point bending agreed well with higher bound of the range, ELOW. While
the maximum principal strain data for ML four-point bending also lay close to the higher
bound of the range , ELOW , the data for AP four-point bending lay towards the middle of
the band. This close agreement of experimental and FE data is similar to that of other
anatomic bones FE model (slope 1.0±0.3, R2 =0.95), and cadaveric bone FE model
(1.0±0.6, R2 =0.96) validation studies (Gray et al., 2007).
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Experimental work performed for the development of the Reference-Humerus FE
model included the evaluation experiment (two-plane four-point bending) and material
characterization of the cortex-simulation material in axial loading to derive its elastic
modulus (Ecortex). The latter was performed for a number of reasons. First, 10%
material property variability in the manufacturing process has been determined in direct
communication with the manufacturer (Grover et al., 2011). Second, compositionspecific theoretically calculated cortex-simulation material property data provides a better
experimental fit than manufacturer documented data for composite bones FE model
validation (Gray et al., 2008). Third, theoretical calculations using pilot experimental data
by authors of the present study indicate a lower modulus than documented by
manufacturer.
The evaluation experiment setup, involving two-plane four-point bending, was
defined using the ASTM D790 standard. Experimental boundary conditions for the
evaluation two-plane four point bending tests constrained only the test-plane
displacement. Rotation of less than 1° (0.65°-0.97°) about the long axis of the specimen
during the tests was quantified using 3D motion analysis. In contrast, previous long bone
FE model validation literature using this test (Gray et al., 2007; Gray et al., 2008)
constrained the specimen in all six degrees of freedom at the proximal support roller.
Experimental material property results included the cortex-simulation material’s
elastic modulus, Ecortex (10600±800 MPa, range 9300 – 12100 MPa). The 7.5%
standard deviation in cortex-simulation material’s elastic modulus established in this
study lies within the 10% variability stated by the manufacturer. Experimental
mechanical results included maximum principal (tensile surface strain-gage rosette) and
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minimum principal (compressive surface strain-gage rosette) strains. The maximum
principal strains were 6.60±0.01 με/N at the P gage rosette for AP four-point bending,
and 8.96±0.01 με/N at the L gage rosette for ML four-point bending. The minimum
principal strains were -6.38±0.01 με/N at the A gage rosette for AP four-point bending,
and -7.07±0.01με/N at the M gage rosette for ML four-point bending. The ReferenceHumerus strain data were linear with R2 values of 1.00 at all surfaces.
Limitations, as documented with all numerical simulations of actual systems, exist
(Anderson et al., 2007). Potential experimental error sources include a 3% error in rosette
strain gage data collection, as mentioned in the manufacturer specifications (Vishay
Micro-Measurements, NC, USA). An important source of error in FE model development
realted to the meshing of the geometry. This required smoothing of the geometric
surfaces, and hence loss of geometric information, especially at the distal end. Another
source of error in FE modeling included the limitation in manually defining individual
element sizes, which could affect the location of application of loads and boundary
conditions as well as the location of strain gages. Finally, the authors also acknowledge
that while the manufacturer specified values for the cortex-simulation material modulus
(Ecortex) are close to 16.0 GPa (Sawbones website), this value has been experimentally
documented to be lower (9.3 – 12.1 GPa) as part of this study. This discrepancy may be
explained by the fact that while the manufacturer used whole blocks of the material for
testing, the present study utilized specimens manufactured directly from the object of
interest, the physical model (H-VHP) itself. The experimentally derived Ecortex values
have been incorporated in the Reference-Humerus FE model, which has then been
experimentally validated, and is hence proposed for clinical applications.
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6.

HUMERAL DIAPHYSIAL STRAIN CHARACTERIZATION UNDER
SIMPLIFIED PHYSIOLOGIC LOADING – REFERENCE-HUMERUS

6.1

INTRODUCTION
Abduction at the shoulder joint is a commonly performed motion during activities

of daily living. The role of the Middle Deltoid in shoulder abduction has been extensively
studied. This muscle becomes most effective in the range of 40-90° shoulder abduction.
This is supported by a demonstrated increase in the moment arm (Lin et al., 1997; Otis et
al., 1994), EMG (Alpert et al., 2000), and torque (Otis et al., 1994) data with increasing
shoulder abduction. The moment arm of the Middle Deltoid exceeds Supraspinatus at 3040° of shoulder abduction (Lin et al., 1997; Otis et al., 1994). Maximum EMG activity is
seen in Middle Deltoid in the range 60-90° shoulder abduction (Alpert et al., 2000).
Among the muscles involved in shoulder abduction, the maximum force is generated by
the Middle Deltoid at 90° shoulder abduction and 0° rotation (Alpert et al., 2000).
In addition to the shoulder abductors, shoulder joint stabilizing pairs of agonistantagonist muscles are simultaneously active during shoulder abduction. These pairs
include Pectoralis Major (superior destabilizer) – Latissmus Dorsi (inferior destabilizer),
and Posterior rotator cuff (Infraspinatus and Teres Minor, inclined anteriorly) - Anterior
Rotator Cuff (Subscapularis, inclined posteriorly) (Ackland and Pandy, 2009). However,
the MVC magnitude documented for these muscles is much less compared with the
Middle Deltoid (Wickham et al., 2010). The most significant potential stabilizing
function during abduction has been attributed to the Anterior Supraspinatus (Ackland and
Pandy, 2009), which has MVC magnitude comparable with the Middle Deltoid
(Wickham et al., 2010).
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During shoulder abduction range of 30-120°, both the Middle Deltoid (as the
prime abductor), and Supraspinatus (as the most powerful shoulder stabilizer) are
expected to impose significant mechanical loads on the humerus, which is especially
important in weakened bone. However, the effect of these loads on the mechanical
behavior of the humerus, especially in terms of strain magnitude and distribution has not
been documented. The aim of this study was to study the humeral diaphysial principal
strain characteristics as a function of (Middle) Deltoid and (Anterior) Supraspinatus
(hereafter referred to as Deltoid and Supraspinatus, respectively, for simplicity of
description) action during shoulder abduction, using an anatomic FE model of the
humerus diaphysis (developed from the Reference-Humerus 3D-Computational
geometry, and experimentally validated using an identical physical model (H-VHP)).

6.2

METHODS
The effect of simplified physiologic loading on the humerus diaphysis strain

behavior was studied in four stages, namely, derivation of Deltoid force magnitude (D),
elbow loads (FZ Elbow, FY Elbow and MX Elbow) and arm weight (body force), using upper
extremity anthropometric definitions, VHP male anthropometric data and a simplified
FBD of the upper extremity (section 6.2.1), understanding the mechanical behavior of the
humerus due to individual loads (elbow force, elbow moment, arm weight, Deltoid, and
combined loading) for shoulder abduction of 90° (section 6.2.2), definition of simulation
sets to model Supraspinatus weakness and its compensation by the Deltoid (section
6.2.3), and the study of resulting changes in humeral diaphysial principal strains (section
6.2.4).
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6.2.1

Derivation of Deltoid force magnitude (D), elbow loads (FZ Elbow, FY Elbow,
MX Elbow), and arm weight (body force)
A simplified free body diagram (FBD) (Figure 6-1) of the upper extremity was

constructed using NIH VHP Male data. The FBD was then used to derive Deltoid force
magnitude (D), elbow loads (FZ Elbow, FY Elbow, MX Elbow), and arm weight (body force).
Segment (upper arm, forearm and hand) length, weight, and center of mass
anthropometric definitions derived from literature (Chaffin, 2006) were used to
approximate NIH VHP Male upper extremity anthropometric measurements using the
NIH VHP Male age, weight, and height data (Spitzer et al., 1996). The Deltoid insertion
centroid was approximated from literature (Morgan et al., 2006), and also scaled using
the NIH VHP Male data. The moment arm of the Deltoid (0.025m) and the Supraspinatus
(0.025m) were also derived from literature (Table 6-1).

Table 6-1 Upper extremity segment anthropometric data
derived for the NIH VHP Male

Note: 1. Forearm + 1/3 (Hand) is approximated as the distance the external load is held
2. Age =38 years; Height (Ht) =1.8 m; Weight (Wt) = 90.3 kg
3. Segment Center of Mass location was referenced from the proximal end of the
humerus
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S: Shoulder; A: Arm; E: Elbow; F: Forearm; H: Hand; D: Deltoid
M: Moment; R: Reaction force; L: length; MA: moment arm; CG: center of gravity
m: mass; g: acceleration, gravity (m/s2); θ: Angle between Y-axis and gravity
Axes: X (long axis of extremity), Y (ML axis), Z (AP axis)
Figure 6-1 Simplified free body diagram (FBD) of the upper extremity
derived for the NIH VHP Male
Note: Upper extremity FBD (top) and arm and forearm FBD (bottom)

The upper-extremity FBD (Figure 6-1, top) was divided into the forearm FBD and
arm FBD (Figure 6-1, bottom). The FBD (Figure 6-1) was adapted for 30°, 60°, 90°, and
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120° of shoulder abduction (θ), to derive the Deltoid force (D), elbow force (FZ Elbow, FY
Elbow

), elbow moment (MX Elbow), and arm weight (body force). While other loads were

directly input in the local coordinate system (LCS) in ABAQUS, the arm weight
components required conversion from local into global components, in accordance with
the input requirements for body force in ABAQUS (Table 6-2).

Table 6-2 Deltoid force magnitude (D), elbow loads, and arm weight (body force)
calculated as a function of shoulder abduction and external weight

Note: 1. GCS- Global coordinate system; LCS – local coordinate system
2. Deltoid force magnitude and elbow loads are specified in LCS
3. Arm weight is converted from LCS into GCS components to meet ABAQUS input
requirements for body force
4. Elbow moment (MX, Nmm) is specified as a couple (FZ,N); MX = dY x FZ
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6.2.2

Preliminary study of the effect of individual components on mechanical
behavior of the humerus at 90° shoulder abduction (load cases 1-5)
A preliminary FE study was performed to ensure appropriate inclusion of

individual components (load cases 1-4) in the combined loading case (load case 5). This
preliminary study also provided insight into humeral strain behavior as a function of the
isolated effect of each of these components. The five load cases defined were:
a.

Elbow force, modeled as a point load distributed equally over nodes;

b.

Elbow moment, modeled as couple at 2 nodes, using the formula MX=dY x FZ;

c.

Arm weight, modeled as a body force (force / unit volume) in ABAQUS;

d.

Deltoid load¸ modeled as an equally distributed load over insertion area nodes;

e.

Combined loading, modeled to include load cases 1-4.
All 3 translations were constrained at the proximal humerus. Only the AP axis

was constrained at the distal humerus, to ensure pure abduction (ML plane). Table 6-3
summarizes the loads and BCs defined for the five load cases.

Table 6-3 Load cases (1-5): loads and boundary conditions

Note: 1. Elbow moment, MX (Nmm): is specified as a couple, FZ (N) at superior (S1) and
inferior nodes (S2) using moment arm data (dY) as per equation MX = dY x FZ
2. Arm weight, FYGCS (26.5 N) is converted into its FX LCS (FYGCS Sin 20) and FYLCS
(FYGCS Cos 20) components since LCS is rotated 20° about the GCS Z-axis.
3. Arm weight is then input into ABAQUS as body force (arm weight/volume, N/mm3)

89
The evaluation parameter was displacement in the ML plane. For the purpose of
anatomic description, the diaphysis was comprised of three equal anatomic segments
(proximal, middle, and distal), each of which were further comprised of two equal
segments (proximal-half and distal-half). The anatomic sites of initiation and of
maximum magnitude of deformation, as well as the magnitude of maximum displacement
were compared between the load cases.
In addition, predicted distal end FE displacements for the first three load cases
were evaluated with displacements calculated using cantilever bending theory, UYDISTAL
(Table 6-4). The rigidity (EI = 38.7 Nm) used in the UYDISTAL formulae was derived from
the experimentally derived (ML four-point bending) stiffness (705.3±12.96 N/mm) using
the formula EI=5SC3/12 EI.

Table 6-4 Maximum theoretical displacement calculated at the distal end of
cantilever, UYDISTAL for comparison with FE load cases 1-3

6.2.3

Simulation sets - Supraspinatus weakness and Deltoid compensation
(Table 6-5)
The magnitude of Supraspinatus force was derived from literature as a fraction of

the Deltoid force, specific to the degree of abduction. Supraspinatus weakness was
modeled as being full tear (0%), partial tear (33% magnitude, 66% magnitude) and no
tear (100%). The Deltoid force was proportionately increased for each case to maintain
static equilibrium. External load (0 kg vs. 2.5 kg) was also included in the analysis.
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Table 6-5 Simulation sets - Supraspinatus weakness and Deltoid compensation

Note: Acronyms: SS- Supraspinatus; D- Deltoid
1. StrengthSS - Supraspinatus weakness modeled as full tear (StrengthSS=0), partial tear
(StrengthSS=33%, StrengthSS=66%), and no tear (StrengthSS=100%)
2. IFDI modified = IFDI calculated modified to compensate for SS weakness
3. Parameter W = %Force SS/D is used to derive Supraspinatus force magnitude, IFSSI
from Deltoid force magnitude, IFDI, using the formula IFSSI = IFDI*W
4. Vector components are calculated from Magnitude Vector Force using the formula
IFIVECTOR= IFIMAGNITUDE* Direction Cosines, Cos (θ AXIS MUSCLE)
In addition, (± 5%) upper physiologic muscle force limit derived from literature
for the Deltoid (1142 N) and the Supraspinatus (487 N) were used to define the upper
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limit of maximum force usable in the simulations. Only the Deltoid magnitude for one
simulation set (shoulder abduction 90°, external load 2.5 kg, and Supraspinatus full tear)
exceeded the physiologic limit, and was modified accordingly. The Deltoid (D) and
Supraspinatus (SS) Magnitude Vector Forces were then broken into Vector Components
using direction cosine data from literature (Ackland and Pandy, 2009) (Table 6-5).

6.2.4

FE study of humerus diaphysial strain behavior
The experimentally validated Reference-Humerus converged mesh, incorporating

the ELOW material property set, and ML four-point bending LCS was used for simulating
the FE simulation sets defined in Table 6-5. All three translations were constrained at the
proximal humerus. Only the AP axis was constrained at the distal humerus, to ensure
pure abduction (ML plane). This set of BCs was the same as used for the preliminary
study.
Supraspinatus and Deltoid force vector components were assigned as distributed
point loads at nodes in the respective areas of muscle attachment (Fig 6-2). The
magnitudes and distribution of greatest principal diaphysial strains were studied as a
function of shoulder abduction, external load and Supraspinatus weakness.
For anatomic description of the principal strain results, attention is drawn towards
the site of greatest principal diaphysial strains, namely, the proximal diaphysis and the
middle diaphysis. More in-depth description includes individual surfaces within each
diaphysial segment. For the proximal diaphysis, the three main surfaces of interest are
medial, posterolateral, and lateral. For the middle diaphysis, the two main surfaces of
interest are medial and lateral (Figure 6-2).
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Figure 6-2 Anatomic description of the humerus diaphysis
(proximal, middle, distal)
Note: (a) Lateral view – Deltoid and Supraspinatus muscle attachments; lateral surfaces
of the proximal and middle diaphysis
(b) Medial view – Medial surfaces of the proximal and middle diaphysis
6.3

RESULTS
Mechanical behavior of the humerus at 90° shoulder abduction due to individual

loads is presented first, followed by the effect of combined loading (section 6.3.1). A
study of the factors that influence the mechanical behavior of the humerus while under
Deltoid action is presented thereafter (section 6.3.2). Finally, the effect of Supraspinatus
weakness on the principal strain behavior of the humerus is presented (section 6.3.3).

6.3.1

6.3.1.1

Mechanical behavior of the humerus at shoulder abduction 90° due to
individual loads (Load cases: 1. Elbow force; 2. Elbow moment; 3. Arm weight
(body force); 4. Deltoid; 5. Combined loading)
Deformation (Load cases 1-5)
The Elbow force, Elbow moment, and Arm weight (body force) cause medial

deformation (+ Y), while the Deltoid causes lateral (–Y) deformation.
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6.3.1.1.1

Anatomic site of initiation

Figure 6-3 Deformation (U, magnitude) in the ML plane (anterior view)
for load cases 1-5
Note: 1. Load cases: (a) Elbow force (b) Elbow moment (c) Arm weight (d) Deltoid
(e) Combined loading
2. Not plotted to scale, scaled 6x for visualization
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The anatomic site of initiation of humerus deformation was assessed by the distal
end of the dark blue band (approximately zero deformation). The humerus started to
deform in the proximal-half of the proximal diaphysis for Elbow force (Figure 6-a), the
proximal-half of the middle diaphysis for Elbow moment (Figure 6-3b), distal-half of the
middle diaphysis for Arm weight (body force) (Figure 6-3c), and distal-half of the
proximal diaphysis for Deltoid (Figure 6-3d). For the Combination of all these loads
(Figure 6-3e), initiation of deformation was observed in the proximal-half of the distal
diaphysis.

6.3.1.1.2

Maximum Deformation

Maximum displacement is observed at the distal end for all cases. The order of
magnitude (mm) of predicted FE maximum displacement for the Elbow force, Elbow
moment, and Arm weight (body force) is the same as the (cantilever bending theory
based) calculated values (Figure 6-4). Calculated Elbow force produces maximum
displacement, followed by Elbow moment, and then Arm weight
The predicted magnitudes show similar trends, with approximately equal values
for the Elbow force and Elbow moment cases. The predicted Deltoid displacement
magnitude exceeds Arm weight (body force), and is opposite in direction (-Y), as
expected.

The Combined loading case demonstrates a maximum displacement

magnitude approximately equal to the sum of all loads, directed medially (+Y).
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Figure 6-4 Displacement magnitude at distal end of the humerus, UY (mm):
Cantilever and FE results
Cantilever bending theory based calculated data (Load cases 1-3);
FE predicted data (Load cases 1-5)
6.3.1.2

Principal strains - Understanding Deltoid action (load cases 4-5)
At 90° shoulder abduction, the Deltoid, in isolation (load case 4) induces greatest

principal strains in the proximal diaphysis only. While this helps to understand the action
of the Deltoid, a more realistic case involves addition of elbow forces and moments as
well as arm weight (body force) (load case 5). In this more physiologic case, the
anatomic involvement of greatest magnitude principal strains extends to the middle
diaphysis. Maximum tension is observed in the middle diaphysis, lateral surface (orange)
just distal to the deltoid insertion and in the proximal diaphysis, postero-lateral surface
(Figure 6-5). Two areas of minimum principal (compressive) strains are observed, at the
proximal diaphysis on the postero-lateral surface, and at the middle diaphysis on the
medial surface (Figure 6-5). Compressive strain is much greater in magnitude than the
tensile strain at the same anatomic location.
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Figure 6-5 Effect of Deltoid action on humeral diaphysial principal strains
(90° shoulder abduction)
Top (lateral view): Maximum principal strain (E max principal)
Bottom (Medial and lateral view): Minimum principal strain (E min principal)
6.3.2

Factors influencing humeral diaphysial strain behavior

6.3.2.1

Deltoid action

6.3.2.1.1

Shoulder abduction

With increasing shoulder abduction, the site of initiation as well as maximum
mediolateral (UY) displacement shifts distally. At 30° and 60° shoulder abduction, the
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maximum displacement is observed in the mid-diaphysis, while at 90° and 120° degrees,
maximum displacement occurs at the distal end (Figure 6-6).

Figure 6-6 Humerus Deformation as a function of shoulder abduction
Note: 1. Shoulder abduction - 30°, 60°, 90°, and 120° (Anterior view)
2. Combined loading
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The location of principal strains varies with abduction. At 30°, 60° and 120°, the
proximal diaphysis is the anatomic region of the greatest principal strains, with secondary
areas (lesser magnitudes) of principal strain in the middle diaphysis. At 90°, the middle
diaphysis also experiences the greatest principal strains (Figure 6-7).
At 30° and 60°, the maximum principal strains occur at the proximal diaphysis,
medial surface, with secondary areas (lesser magnitudes) of tension at the proximal
diaphysis, lateral surface and middle diaphysis, medial and lateral surface. At 90°, the
proximal diaphysis, medial surface no longer experiences significant principal strain.
Greatest tension is now seen at the middle diaphysis, medial and lateral surfaces and the
proximal diaphysis, postero-lateral surface. At 120°, the proximal diaphysis, lateral
surface experience maximum tension, followed by proximal diaphysis, medial surface.
The middle diaphysis, medial surface is under less tension (Figure 6-7).
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Figure 6-7 Humeral diaphysial maximum principal strain distribution,
as a function of shoulder abduction
Note: 1. Shoulder abduction: (a) 30° (medial view) (b) 60° (medial view)
(c) 90° (lateral view) (d) 120° (anterior view)
2. Combined loading
The minimum principal strains occur at the proximal diaphysis, with secondary
areas (lesser magnitudes) of compression at middle diaphysis, medial surface. At 30°, the
location of the greatest compression is proximal diaphysis, lateral surface. At 60°, the
location is proximal diaphysis, postero-lateral surface. At 90°, the location is proximal
diaphysis, posterior surface, and at 120°, the location is proximal diaphysis, posteromedial surface (Figure 6-8).
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Figure 6-8 Humeral diaphysial minimum principal strain distribution,
as a function of shoulder abduction
Note: 1. Shoulder abduction (lateral view): (a) 30° (b) 60° (c) 90° (d) 120°
2. Combined loading
Overall, the greatest principal strains, both maximum (tension) and minimum
(compression) are observed at 120° shoulder abduction, while the smallest are observed
at 30° shoulder abduction. The proximal diaphysis, lateral and medial surfaces
demonstrate the greatest tensile and compressive strains, respectively. The proximal
diaphysis, postero-lateral surface experiences the greatest compression at 30°, 60°, and
120° shoulder abduction. The greatest principal strains in the middle diaphysis occur at
90° shoulder abduction, and are of similar magnitude as that in the proximal diaphysis,
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postero-lateral surface. Compressive strain is greater than the tensile strain at the
corresponding anatomic site (Figure 6-9).

Figure 6-9 Humeral diaphysial anatomic location and magnitude of the greatest
principal strains, as a function of shoulder abduction
Note: Combined loading,no external load
6.3.2.1.2

External load (Figure 6-10)

With external loading of 2.5 kg, the magnitude of maximum displacement
increases 2 to 4 fold. At each anatomic site, principal strains also increase with external
load, with greater compressive than tensile strains. The anatomic site of the greatest
principal strains changes with external load at: 30° (tensile strains), 60° (compressive
strains), and 90° (tensile and compressive strains) of shoulder abduction. At 30°
abduction, the externally loaded humerus experiences greatest tensile strain at the
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proximal diaphysis, lateral surface (compared with proximal diaphysis, medial surface in
the externally unloaded humerus). At 60° and 90° abduction, the externally loaded
humerus experiences greatest compressive strain in the middle diaphysis, medial surface
compared with the proximal diaphysis, posterolateral surface when unloaded. Also at 90°
abduction, the externally loaded humerus experiences greatest tensile strain at the middle
diaphysis, lateral surface compared with middle diaphysis, medial surface (unloaded).

Figure 6-10 Humeral diaphysial anatomic location and magnitude of the greatest
principal strains, as a function of external load
Note: 1. Filled shapes - no external load , Symbols - external load applied
2. Combined loading
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6.3.2.2

Deltoid and Supraspinatus action

6.3.2.2.1
6.3.2.2.1.1

Supraspinatus weakness
30° abduction (Figures 6-11, 6-12, 6-13)

With increasing Supraspinatus strength, the tensile strains decrease maximally at
the proximal diaphysis, medial surface and the compressive strains decrease maximally at
the proximal diaphysis, postero-lateral surface. This is true for both absence and presence
of external loading. The decrease in tensile and compressive strains is similar (less than
10%). The other sites do not demonstrate a comparable change in magnitude (Figure 611).
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Figure 6-11 Effect of supraspinatus tear (Case 1 -4 on the x-axis) at 30° shoulder
abduction, on maximum principal strain (above) and minimum principal strain
(below), with 2.5 kg external load (lines) and without external load (solid markers)
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The change in anatomic distribution of the greatest principal strains with
Supraspinatus weakness at 30° shoulder abduction (without external load) is presented in
Figure 6-12 (maximum principal strain) and Figure 6-13 (minimum principal strain).

Figure 6-12 Effect of Supraspinatus weakness on the humeral diaphysial
maximum principal strains at 30° shoulder abduction (medial view)
Note: Supraspinatus weakness is modeled as (a) Complete tear (0% strength) (b) Partial
tear (33% strength) (c) Partial tear (66% strength) (d) No tear (100% strength)
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Figure 6-13 Effect of Supraspinatus weakness on the humeral diaphysial
minimum principal strains at 30° shoulder abduction (lateral view)
Note: Supraspinatus weakness is modeled as (a) Complete tear (0% strength) (b) Partial
tear (33% strength) (c) Partial tear (66% strength) (d) No tear (100% strength)
6.3.2.2.1.2

60° abduction (Figure 6-14)

With increasing Supraspinatus strength, tensile strains decrease maximally at the
proximal diaphysis, medial surface when the humerus is not under external load. In
contrast, with external loading, the proximal diaphysis, lateral surface demonstrates an
increase in tensile strains. With increasing Supraspinatus strength, compressive strains
decrease maximally at the proximal diaphysis, postero-lateral surface when the humerus
is not under external load.
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Figure 6-14 Effect of supraspinatus tear (Case 1 -4 on the x-axis) at 60° shoulder
abduction, on maximum principal strain (above) and minimum principal strain
(below), with 2.5 kg external load (lines) and without external load (solid markers)
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In contrast, with external loading, the same surface demonstrates an increase in
compressive strains. The other sites do not demonstrate a comparable change in
magnitude. Of note is the fact that even with a weak Supraspinatus, the magnitude of
greatest principal strains is constant in the middle diaphysis when the humerus
experiences external loading.

6.3.2.2.1.3

90° abduction (Figure 6-15)

With increasing Supraspinatus strength, tensile strains decrease maximally at the
middle diaphysis, medial and lateral surfaces and the compressive strains decrease
maximally at the proximal diaphysis, postero-lateral surface, without external loading.
With external loading, both compressive and tensile strains decrease maximally at the
proximal diaphysis, postero-lateral surface. The other sites do not demonstrate a
comparable change in magnitude. Of note is the fact that even with a weak Supraspinatus,
the magnitude of greatest principal strains is constant in the middle diaphysis when the
humerus experiences external loading.

6.3.2.2.1.4

120° abduction (Figure 6-16)

With increasing Supraspinatus strength, both compressive and tensile strains
decrease maximally at the proximal diaphysis, medial surface without external loading.
With external loading, tensile strains decrease maximally at the middle diaphysis, medial
surface, while compressive strains decrease maximally at the proximal diaphysis, medial
surface. The other sites do not demonstrate a comparable change in magnitude. Of note is
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the fact that even with a weak Supraspinatus, the magnitude of greatest principal strains
is constant (proximal diaphysis - tensile strain; middle diaphysis – compressive strains)
when the humerus experiences external loading.

Figure 6-15 Effect of supraspinatus tear (Case 1 -4 on the x-axis) at 90° shoulder
abduction, on maximum principal strain (above) and minimum principal strain
(below), with 2.5 kg external load (lines) and without external load (solid markers)
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Figure 6-16 Effect of supraspinatus tear (Case 1 -4 on the x-axis) at 120° shoulder
abduction, on maximum principal strain (above) and minimum principal strain
(below), with 2.5 kg external load (lines) and without external load (solid markers)
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6.4

DISCUSSION
FE study of Deltoid action as a function of shoulder abduction shows that the

Deltoid is more powerful at 30° and 60 °, being able to overcome elbow loads and arm
weight, and this action decreases at 90° and 120° of shoulder abduction. This agrees well
with literature, where the maximum action of Deltoid has been documented to occur in
the shoulder abduction range of 30 to 70° (Ackland and Pandy, 2009). The proximal
diaphysis experiences greater magnitudes of principal strain for the entire range, while
the middle diaphysis experiences great strain predominantly at 90° shoulder abduction.
The location of the greatest tensile strain changes from medial to the lateral
surface with increasing abduction, while the greatest compressive strain site transitions
from lateral to medial (lateral to postero-lateral to posterior to medial). Shoulder
abduction of 120° induces the greatest magnitude of strain in the humerus. While the
magnitude of tensile strain is similar for 30°, 60°, and 90° abduction, compressive strain
is greater at 60°, followed by 90°, and then 30°. However, since compressive strain is
greater than the tensile strain at the corresponding anatomic site, it can be inferred that
the humerus is protected by physiologic loading, since bone is weaker in tension. This is
similar to the strain behavior reported for the femur during normal gait and sitting, using
the FE method (Sverdlova and Witzl, 2010).
Deltoid action as a function of 2.5 kg external load demonstrates an increase in
the magnitude of greatest principal strains. The anatomic site of the greatest principal
strains does not change with external load, except in case of compressive strains at 60°
and 90°, and tensile strains at 30° and 90° of shoulder abduction. However, the
(protective) compressive strains are greater than tensile strains.
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Without external loading, Supraspinatus weakness increases the magnitude of
principal strains in the humerus. This is more prominent at 30°, 60° and 120° compared
with 90° of shoulder abduction. With external loading, the magnitude of greatest
compressive (protective) strains in the middle diaphysis does not change with
Supraspinatus weakness, except at 120° shoulder abduction. Hence, it can be inferred that
the middle diaphysis is at greatest risk for injury at 120° shoulder abduction. Similarly, it
can be inferred that the proximal diaphysis is at greatest risk for injury in the 30°-90°
shoulder abduction range. Overall, it is important to note that constant compressive
strains, which are two to three times the tensile strain magnitude, protect the humerus
during abduction. While FE modeling has been used to model Supraspinatus deficiency,
only humeral translations and shoulder contact forces have been reported (Terrier et al.,
2007). The changes in humeral principal strains with progressive Supraspinatus weakness
reported by the current study provide a valuable addition.
There is paucity of strain data for the adult human humerus diaphysis. On the
other hand, strain behavior under simplified loading has been extensively reported for the
human femur (Polgár et al., 2003; Simões et al., 2000; Speirs et al., 2007). Hence, insight
derived from physiologic and simplified loading studies of the femur was used in
designing this study. In absence of comprehensive muscle data, all translations were
constrained at the proximal end of the humerus. The muscle forces were modeled as
distributed loads, to avoid high peak strain magnitudes associated with concentrated loads
(Polgár et al., 2003). Also, since simplified load cases are reported to generate high peak
strain magnitudes as well, it is the trends in both anatomic location and magnitude of
principal strain, rather than the absolute magnitude, that are emphasized in this study.
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7. CONCLUSIONS AND FUTURE DIRECTIONS
7.1

Summary of work done
Humeral diaphysial strain behavior as a function of physiologic magnitude

loading and simplified physiologic loading has been studied using experimental and
numerical methods in this dissertation. This has been accomplished in four phases, so as
to fulfill the aims defined based upon underlying hypothesis, each of which has been
proved.
In the first phase, diaphysial strain characteristics of the only other anatomic
humerus physical model, the HS4, were evaluated in (physiologic magnitude load) fourpoint bending. It was found that the construct stiffness and rigidity of the fourth
generation composite humerus, HS4, were comparable with the limited published data. In
addition, novel mid-diaphysial bending strains data were reported for this model. This
phase helped to develop a protocol for the evaluation experiment, and to obtain strain
data for comparison with the Reference-Humerus.
In the second phase, development and detailed anatomic characterization of the
Reference-Humerus, along with limited anatomic characterization of the HS4 were
performed. It was found that most anatomic parameters of the Reference-Humerus lay
within published range for the adult human cadaveric humeri and could be considered
representative of a 3rd to 50th percentile Male. This phase helped to ensure the anatomic
aptness of this model for studying human humeral mechanical behavior under loading.
In the third phase, development and experimental validation of an FE model
based upon the Reference-Humerus, using physiologic magnitude loads for the
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evaluation (four-point bending) experiment were performed. It was found that the
predicted diaphysial strains agreed with the experimental strains for the same test setup.
This phase helped to ensure the validity of the model for studying humeral diaphysial
strain characteristics as a function of loading.
In the fourth phase, strain characteristics of the humerus diaphysis under
simplified physiologic loading, modeled using the Middle Deltoid as the prime abductor
and Supraspinatus as the shoulder stabilizer during shoulder abduction (30° - 120°) were
studied. It was found that the humeral diaphysis strain magnitude and distribution varied
with change in physiologic loading conditions.

7.2

Synthesis of Results – Humerus Diaphysis Strain Behavior

7.2.1

Physiologic-magnitude loading (four-point bending)
The Reference-Humerus experimental maximum and minimum principal strain

per unit force data are 6.60/N and -6.38 /N for AP four-point bending, and 8.96
/N and -7.07 /N for ML four-point bending. The only other reported four-point
bending data strain data for human humerus models, HS4, have also been obtained as
part of this dissertation. The HS4 experimental maximum and minimum principal strain
per unit force data are 5.43 /N and -5.41 /N for AP four-point bending, and 5.10
/N and -4.50 /N for ML four-point bending. While both anatomic humeri
demonstrate linear behavior within a physiologic magnitude load range, the ReferenceHumerus demonstrates greater strain magnitudes. The difference in strain behavior
between the two models can be accounted for by the large anatomic variability in
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humerus osteoanatomy, with the HS4 being a comparitively larger specimen (360 mm
length; middiaphysial AP and ML diameters of 21 and 23 mm, respectively) compared
with the Reference-Humerus (316 mm length; middiaphysial AP and ML diameters of 20
and 16 mm, respectively). No data are available in literature for comparison with
cadaveric humeri or other anatomic humerus models.

7.2.2

Simplified physiologic loading (shoulder abduction)
Overall, the Deltoid induces greater compressive (compared with tensile) strains

in the humerus proximal and middle diaphysis. This protective influence of muscle action
on long bones is similar to literature for the femur (Sverdlova et al., 2010). Also, the
Deltoid is more powerful at 30 and 60 degrees of abduction, which is consistent with
literature as well (Ackland et al., 2009). The middle diaphysis experiences great strain
predominantly at 90° shoulder abduction. Both the magnitude and distribution of
principal strains change with shoulder abduction, external load and Supraspinatus
weakness.
With Supraspinatus weakness, the proximal diaphysis is at greatest risk for injury
at 30°-90°, and the middle diaphysis at 120° shoulder abduction. However, constant
compressive strains, which are two to three times the tensile strain magnitude, protect the
humerus during abduction. Since simplified physiologic loading cases are reported to
generate high peak strain magnitudes (Polgár et al., 2003), the trends in both anatomic
location and magnitude of principal strain, rather than the absolute magnitude, are
emphasized in this study. This FE study of strain behavior adds to the current
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understanding of Supraspinatus deficiency by supplementing the humeral translation and
shoulder contact force data (Terrier et al., 2007).

7.3

Future directions – biomechanical and clinical applications of the
Reference-Humerus
The current application of the Reference-Humerus, which was also the objective

of this dissertation, was to study the strain behavior of the humerus diaphysis for one case
of physiologic magnitude loading (four-point bending) and one case of simplified
physiologic loading (shoulder abduction). It is important to note that while the
Reference-Humerus, comprised of both a physical model (H-VHP) and its 3Dcomputational geometry, was developed to meet this objective, this model has many
other biomechanical and clinical applications. Also important to note is that the FE
model developed and validated based upon the Reference-Humerus 3D-Computational
geometry for this dissertation is specifically applicable for studying strain behavior under
the abovementioned physiologic (magnitude, simplified) loading cases only.
While the physical model (H-VHP) has additional “as-is” applicability as a
teaching aid and as a surgical technique practice model, the anatomically validated 3DComputational geometry can be used for future applications with the inclusion of
additional application-specific inputs only. A few potential applications are presented in
the following (sections 7.3.1 -7.3.3), along with a brief description of the some of the
anticipated application-specific inputs. Ultimately, it is hoped that this model will
contribute to the current initiative towards standardization and establishment of
worldwide data repositories.

117
7.3.1

Further characterization of humeral strain behavior under physiologic
loading

Various cases of simplified physiologic loading can be defined to offer insight
into the strain behavior of the humerus during the many different activities of daily
living. Beside shoulder abduction studied in this dissertation, shoulder flexion and
extension as well as rotations are other important simplified loading scenarios that could
be modeled individually. Key muscles specific to each simplified loading case can be
added to the 3D-Computational geometry of the Reference-Humerus from the NIH VHP
image dataset (NIH Visible Human Project website) to perform these studies.
The next level of understanding strain behavior of the humerus would require
definition of realistic physiologic loading cases. While simplified physiologic loading
cases provide important information about strain distribution and relative magnitude
trends, inclusion of all muscles that are active during a given loading case is required to
gain confidence in the absolute strain magnitudes (Polgár et al., 2003).
As an example, for the current dissertation simplified physiologic loading case,
inclusion of all shoulder stabilizers and abductors would be helpful to define the
corresponding realistic physiologic loading case. The 3D-Computational geometry of the
Reference-Humerus would require supplementation with the required muscle attachments
from the NIH VHP image dataset to perform these realistic physiologic loading studies.
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7.3.2

Fracture risk prediction in musculoskeletal pathology

Musculoskeletal pathologies such as osteoporosis, bone metastasis and tumors,
and Osteogenesis Imperfecta demonstrate comparatively greater fracture risk than the
general population. This pathology-specific increased fracture risk can be studied using
the Reference-Humerus 3D-Computational geometry, which would require to be
supplemented with additional information on pathology-specific bone characteristics.
The applicability of this model for fracture risk prediction, as well as the pathologyspecific inputs that would be required for this purpose are described for one pathology,
namely, Osteogenesis Imperfecta, in the following (sections 7.3.2.1-7.3.2.2).

7.3.2.1

Osteogenesis Imperfecta
Long bone fractures in the Osteogenesis Imperfecta (OI) population present with

a bimodal age distribution, in the pre-adolescent and post–middle age groups (King and
Bobechko, 1971). The humerus is the most common upper extremity bone to fracture
(King and Bobechko, 1971). The fractures are most commonly transverse, subperiosteal,
minimally displaced (King and Bobechko, 1971), not prone to non-union (Falvo et al.,
1974), and often located at the convexity of the curved diaphysis (Falvo et al., 1974). The
increased fracture risk has been attributed to multiple genetic mutations that result in
quantitative (Type I OI) and / or qualitative (Types II-IV OI) changes in Type I collagen
(Sillence et al., 1979). Consequent alterations in bone material-properties and structure
have been documented. The major cortical and cancellous bone material-properties
affected include bone mineral density (Wekre et al., 2011; Zionts et al., 1995),
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longitudinal modulus and hardness (Fan et al., 2007; Fan et al., 2006). Alterations in
structure at the microscopic level include thinning of trabeculae (Jones et al., 1999), loss
of cancellous and cortical bone volume (Rauch et al., 2000), loss of haversian lamellar
bone structure and resemblance to fetal woven bone (King and Bobechko, 1971).
Structural alterations at the macroscopic level include a reduction in cross-sectional area
as well as cortical width (Gatti et al., 2003; Hanscom et al., 1992).
Refracture at or close to the anatomic site of previous fracture is also well
documented (King and Bobechko, 1971). Proposed contributory factors for refracture
include joint contractures and deformity of the upper extremities (Primorac et al., 2001).
Humeral deformities are most common in the postero-medial (35.6%) and medial
(32.2%) planes, followed by the antero-medial plane (27.1%). Pure posterior (3.4%) and
anterior (1.7%) deformities are much less common (Amako et al., 2004). The greatest
incidence of deformity has been attributed variably to both Type I (King and Bobechko,
1971) and Type III OI (Amako et al., 2004). Amako et al., 2004 further quantified the
incidence of severity of humeral deformity in Type III. Overall, the “no deformity” group
was larger than any of the deformity groups. Among the “deformity” groups, the “3059°” was the largest group, followed by the “greater than 60°” and “0-29°” groups.
In addition to humeral deformity, additional loads imposed on the humerus in the
Osteogenesis Imperfecta subpopulation ambulating with assistive devices such as
Lofstrand Crutches (Slavens et al., 2011) could further increase fracture risk. This
predisposition of the humerus to fracture and refracture in Osteogenesis Imperfecta , as a
consequence of altered material properties and geometry, as well as increased functional
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requirements (ambulatory aids) can be studied at the macroscopic structural level using
FE modeling, to understand both pathology-specific and patient-specific fracture risk.

7.3.2.2

Fracture risk prediction in Osteogenesis Imperfecta

Many characteristic features of OI make the evaluation of fracture risk in this
pathology amenable to study by the FE method (Pathology-specific FE modeling). First,
the skeletal system is the major system affected by the underlying qualitative/quantitative
alteration in Type I collagen (Sillence et al., 1979). Since the FE method is already a well
documented tool for studying other musculoskeletal pathologies, and bones and muscles
can be modeled with anatomic accuracy in FE simulations, this method is suitable for
studying the skeletal manifestations in OI. Second, the clinical predisposition to fracture
can be correlated with the magnitude and distribution of predefined fracture criteria
parameters such as Von Mises stress and principal strain (Nalla et al., 2003) that are
provided by the FE solver. Third, the alteration in material properties of bone in OI,
especially the elastic modulus, can be easily incorporated into the FE model.
Combined with bone material property and cross-sectional geometry information
specific to OI, the Reference-Humerus, with its undeformed 3D-computational geometry,
can be used to study the quantitative effect of altered material properties and crosssectional geometry on fracture risk in OI. Preliminary sensitivity studies conducted by the
authors indicate maximum sensitivity of fracture-risk strain criteria to the elastic modulus
of the cortex (among material property parameters), followed by the cortical thickness
and the cortical cross-sectional area (among gross-sectional geometry parameters).
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Additional OI population patient-specific inputs to the pathology-specific FE
model developed based upon the Reference-Humerus 3D-Computational geometry
(Patient-specific FE modeling) can guide management of individual OI patients. The
two main inputs include deformity and (kinetic and kinematic) motion analysis data.
Patient-specific humeral geometry of the deformity (as well as bone size in the paediatric
population) can be obtained non-invasively using radiographic methods. These methods
could involve low-radiation single-plane (plane-of-maximum-deformity) or two-plane
(orthogonal) digital X-rays or, less likely, given the radiation concerns in weakened bone,
higher-radiation CT scans. The 2D-geometric information can then be used to scale the
size and alter the Reference-Humerus 3D-computational geometry (Zheng et al., 2009) to
closely simulate patient-specific humerus geometry (OI patient-specific ReferenceHumerus FE model).
Patient-specific motion analysis data can be obtained from task-specific clinical
trials, such as for Loftstrand crutch-aided ambulation. This data can then be incorporated
into the OI patient-specific Reference-Humerus FE model as loads and boundary
conditions to develop an OI patient-specific task-specific Reference-Humerus FE
model. Such a model can provide quantitative output on the magnitude and distribution
of strains in the humerus model specific to the task, which could then be used to guide
individualized rehabilitation of patients.
An additional input that can increase the sophistication of the FE model for
Loftstrand crutch-aided ambulation is the EMG data of shoulder and elbow muscles with
attachment on the humerus that are involved in this task. Some important muscles are the
Biceps for flexion, Triceps for extension, Deltoid for abduction, and Pectoralis major and
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Latissmus dorsi for adduction (Standring et al., 2009). The EMG data can be used to
derive muscle force magnitude (Lawrence and DeLuca, 1983) using muscle-modeling
software (Delp et al., 2007). This information on magnitude can be combined with taskspecific line(s) of muscle action data in extant literature (Ackland and Pandy, 2009) to
model the EMG-derived muscle action as force vectors. Individual muscle force vectors
can then be applied as distributed vector loads at the respective muscle attachments on
the Reference-Humerus 3D-Computational geometry to include the effect of the major
muscles in determining humerus fracture risk in OI.

7.3.3

Computational presurgical planning/surgical simulation and Implant design

Patient specific applications such as presurgical planning and surgical simulation
of procedures (e.g., humeral osteotomy, shoulder and elbow arthroplasty) will require
manual modification of the 3D-Computational geometry of the Reference-Humerus to
match patient geometry closely. Other clinical applications such as implant design would
require inclusion of implant geometry along with the 3D-Computational geometry to
develop FE models that can then provide important information on design parameter such
as areas of stress concentration and stress-shielding. At present, the Reference-Humerus
model requires significant manual user-input, and hence is restricted to clinical research
applications. It is hoped that with evolving technology, more automated procedures will
help in putting the Reference-Humerus model to mainstream clinical use.
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